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Foreword 



One of the aims of the book series "Medical Radiology - Diagnostic Imaging" is to publish novel 
work that explores new frontiers in the field of radiological imaging. The investigation of the po- 
tential application of MRI to the study of lung diseases is a challenging and exciting field of clini- 
cal research driven by the rapid development of new techniques and sequences for cardiac MRI 
as well as by the use of noble hyperpolarised gases as novel contrast agents. The specific ability of 
MRI to visualise simultaneously morphological changes and modifications in perfusion, ventila- 
tion and gas exchange has opened up totally new perspectives in lung imaging. MRI of the lung 
thus eminently illustrates the mutation of the discipline of radiology from pure morphology to 
combined morphological-functional imaging. 

The editor, H-U. Kauczor, is known internationally for his original research in various fields, 
and particularly into new applications of CT and MRI in oncology and lung pathology. For many 
years he has been the inspiration and principal investigator of a leading and innovative radio- 
logical research group in Heidelberg. Their original ideas and dynamic work organisation have 
resulted in an impressive list of scientific publications on various applications of MR imaging of 
the lung. 

I am very much indebted to the editor and the contributing authors, all outstanding experts 
in their fields, for preparing this fine volume on a highly active topic for our series. It is indeed 
one of the first handbooks to provide a comprehensive overview of our actual knowledge on the 
clinical role of MRI of the lung. In addition it outlines future perspectives for potential new ap- 
plications of this imaging modality. I would like to congratulate them on this outstanding work at 
the cutting edge of radiology. 

I highly recommend this volume to certified radiologists, particularly those with a special 
interest in chest imaging, and to radiologists in training. However, pneumologists, cardiologists 
and chest surgeons will also find it a very useful source of information for better diagnostic and 
therapeutic management of their patients. 

I have no doubt that this volume will meet the appropriate interest and well deserved success 
with our readership. 

Leuven Albert L. Baert 



Preface 



For a long time the lung has been regarded as the black hole in MRI. In the 1980s courageous 
physicists and radiologists have tried to investigate different lung diseases using MRI, but they 
could neither produce convincing image quality within a reasonable examination time nor gen- 
erate a substantial clinical impact. MRI was accepted for some minor clinical indications, such as 
mediastinal tumors and chest wall invasion or Pancoast situation in lung cancer. With the advent 
of spiral and high resolution CT, structural imaging and characterization of lung disease based on 
patterns and compartments was of utmost interest. Also CT angiography of the pulmonary arter- 
ies and the diagnosis of pulmonary embolism were major developments with significantly supe- 
rior results when compared to some half-hearted attempts to introduce MRA of the pulmonary 
arteries using 2D time -of- flight techniques. At this stage the scientific and clinical community as 
well as the scanner manufacturers lost interest in MRI of the lung. Over time, however, two dif- 
ferent groups tackled MRI of the lung again. The first of these, radiologists working on cardiac 
MRI, realized that there are important cardiorespiratory interactions. They started to investigate 
MRI and contrast-enhanced MRA of pulmonary arteries and veins as well as analyze the func- 
tion of the right ventricle. The second group, basic and laser physicists, came up with the idea 
that their hyperpolarized noble gases might be an attractive novel contrast mechanism for MRI 
of the lung. Thus, iatrogenic signal- enhancing compounds started to shed light into the black 
hole of MRI. Suddenly, more and more groups made basic research and development efforts to 
discover the unknown in MRI of the lung. It soon became very obvious that MRI will always be 
second to CT when it comes to the visualization of pulmonary structure, disease and patterns 
with high spatial resolution. Till now, the ability to provide different soft tissue contrasts (Tl, T2, 
contrast- enhancement, fat suppression) has not really proven advantageous for MRI. However, 
the most appealing development was the introduction of functional imaging of the lung by MRI. 
More and more contrast mechanisms for functional studies were described. The MR hardware 
development - which was driven by cardiac MRI striving for higher and higher temporal resolu- 
tion - allowed for a variety of techniques which cope with the challenges related to respiratory 
motion, as well as cardiac contraction and vascular pulsation. The diagnostic benefits stem from 
the ability of MRI to visualize changes in lung structure while simultaneously imaging different 
aspects of lung function, such as perfusion, respiratory motion, ventilation and gas exchange. On 
this basis, novel imaging findings, endpoints and quantitative surrogates for lung function can be 
obtained. 

As all these techniques become more and more available they are being applied to a wide 
variety of different lung diseases. Most of these early clinical applications have been very suc- 
cessful and impressive, and important indications have emerged for MRI of the lung: pulmonary 
hypertension, congenital vascular anomalies, and cystic fibrosis. Other strongholds for MRI of 
the lung are staging lung cancer and malignant pleural mesothelioma as well as characterization 
of mediastinal and pleural tumors or even the diagnosis and follow-up of pulmonary embolism. 
This means that MRI can already substantially contribute to clinical diagnostic imaging in lung 
disease but at the same time it is heavily underused for two reasons: first the clinical indications 
and the potential advantages of MRI over CT or nuclear medicine are not widely known, and sec- 
ond the knowledge of how to carry out MRI of the lung and obtain high image quality providing 
a confident diagnosis is not widespread. However, standard protocols can now be implemented 
on up-to-date scanners, allowing MRI to be used as a first-line imaging modality for various lung 
diseases. 
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For me, as the editor of this book, it was an enormously invigorating experience bringing to- 
gether renowned experts and the support from Professor Albert Baert and the publisher, Springer, 
to provide the first well illustrated and comprehensive textbook of "MRI of the Lung". It provides 
an extensive overview of how to use MRI for imaging of different types of lung disease. Standard 
and easy-to-use protocols are presented and the MR strategies used in different clinical situations 
are explained. Special emphasis is placed on benign diseases requiring regular monitoring, given 
that it is patients with these diseases who derive the greatest benefit from the avoidance of ion- 
izing radiation. I hope the book will be of great assistance to all who are establishing MRI of the 
lung in their daily clinical and research activities. 

Heidelberg Hans-Ulrich Kauczor 
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KEY POINTS 



MRI of the lung has been shown to be highly sensi- 
tive to infiltrative and solid pathology. It offers par- 
ticular advantages beyond the scope of CT such as 
dynamic studies of respiratory mechanics and first 
pass perfusion imaging. However, challenges such 
as motion artifacts and low signal have delayed the 
introduction into clinical routine. This chapter dis- 
cusses the strategies to overcome these obstacles 
and suggests a comprehensive protocol for a spec- 
trum of indications. This comprises a basic selec- 
tion of non-contrast enhanced sequences and can 
be extended by contrast enhanced series. Breath 
hold Tl- and T2-weighted imaging are applied for 
the detection of small solid lesions and infiltrates. 
Inversion recovery series visualize enlarged lymph 
nodes and skeletal lesions. Steady-state gradient 
echo series in free breathing contribute to the de- 
tection of pulmonary embolism, cardiac dysfunc- 
tion and impairment of respiratory mechanics. 
Tumors, suspicious pleural effusions and inflam- 
matory diseases warrant additional contrast-en- 
hanced sequences. Perfusion studies contribute to 
imaging of thromboembolic vascular and obstruc- 
tive airway diseases. 



Introduction 



J. BlEDERER, MD 

University Hospital Schleswig-Holstein, Campus Kiel, Depart- 
ment of Diagnostic Radiology, Arnold-Heller- Strasse 9, 24105 
Kiel, Germany 



Evolving from a research tool, MRI of the lung is be- 
coming increasingly important for specific clinical ap- 
plications. The advantages over CT are not only limited 
to the lack of ionizing radiation, which is of particular 
interest for the assessment of lung disease in children 
(e.g. pneumonia, cystic fibrosis) or in patients who re- 
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quire frequent follow-up examinations (e.g. immuno- 
compromised patients with fever of unknown origin). 
Chest wall invasion by a tumor and mediastinal masses 
are accepted indications benefiting from its superior 
soft tissue contrast. Dynamic examinations to study 
respiratory mechanics and contrast enhanced first pass 
perfusion imaging reach far beyond the scope of CT. 
High quality MRI can contribute significantly to clini- 
cal decision making in numerous pulmonary diseases 
from lung cancer over malignant pleural mesothelioma, 
acute pulmonary embolism, pulmonary arterial hyper- 
tension, airway disease such as cystic fibrosis to inter- 
stitial lung disease and pneumonia. Concepts for whole 
body MRI examinations for screening and staging re- 
quire a comprehensive chest study to be complete. The 
extension of the examination towards the pulmonary 
circulation as well as diseases of the pulmonary circu- 
lation affecting the heart and great vessels widens the 
diagnostic scope of cardiovascular MRI. Nevertheless, 
the lung remains a difficult terrain for MRI. This chap- 
ter outlines the challenges for lung MRI such as motion 
artifacts and low signal and the strategies to overcome 
these obstacles. Finally, a standard protocol is suggested 
that can be performed with most state-of-the-art scan- 
ners and may be used as a "starter kit" by any interested 
reader of this book. 



of aerated lung tissue. Subtle changes of lung signal due 
to small lesions or fine reticulations can still be missed, 
in particular if motion artifacts are not sufficiently sup- 
pressed (Both et al. 2005). 



Proton-MRI of the Lung: The Challenge 

One major problem in imaging thoracic organs is the 
continuous motion of all components induced by heart 
pulsation and respiration. Both are most prominent in 
the lower and anterior sections of the chest where clas- 
sical Tl- and T2 -weighted spin- echo and fast spin- echo 
techniques yield very poor image quality. More specific 
problems are encountered if MRI is applied to imag- 
ing of lung parenchyma. MR signal is generated from 
protons within water molecules and organic material. 
The lungs contain only about 800 g of tissue and blood 
which is distributed over a volume of 4-6 L. Proton 
density and signal intensity are therefore extremely low 
compared to other parts of the body (Albertin 1996). 
Further, local field inhomogeneities due to susceptibil- 
ity artifacts at tissue-air or liquid-air interfaces of the 
alveoli result in rapid dephasing of the low signal with 
extremely short T2* (Su et al. 1995). Therefore, the lungs 
usual appear without any visible signal on conventional 
MR images. However, any pathology with higher pro- 
ton density and therefore higher signal appears with a 
strong inherent contrast against the black background 



Strategies for Motion Compensation 

Principally, the problems encountered in motion com- 
pensation for lung imaging are well known from MRI 
of the heart. It appears to be the most straightforward 
approach to compensate for respiratory motion by trig- 
gering or gating correlated to the extension of a simple 
pneumatic belt or a compressible cushion placed at the 
upper abdomen or the chest of the patient. The pres- 
sure changes due to compression and decompression 
of the device are directly registered by the MR scanner. 
The ideal position of such a device depends on the in- 
dividual respiratory pattern of the patient at rest. The 
trigger signal is usually set to expiration, because this 
is usually the longest and most reproducible phase of 
the respiratory cycle (Biederer et al. 2002a; Both et al. 
2005). Imaging at end- expiration is principally favor- 
able for imaging lung parenchyma, since proton density 
and lung signal intensity increase with deflation. How- 
ever, appropriate instructions of the patient remain the 
key to high image quality without respiratory motion 
artifacts. In general, higher respiration frequencies are 
appreciated. This facilitates respiration-triggered imag- 
ing in pediatric patients. 

Navigator sequences replace the respiration belt by 
continuous real time image acquisition from a small vol- 
ume at the top of the diaphragm. The images are evalu- 
ated electronically for movements of the diaphragm 
and trigger settings can be applied interactively by the 
operator. As a disadvantage, respiratory motion is not 
tracked during the acquisition of the diagnostic images 
when the navigator has to be suppressed. We therefore 
still recommend additional application of a respiratory 
belt, if available, for uninterrupted control of the breath- 
ing maneuvers. The same navigator-technique can be 
used to adjust several slice blocks of a multi-breath-hold 
acquisition in case of variable respiratory levels. Control 
for cardiac pulsation artifacts is achieved with either 
ECG monitoring or peripheral pulse oximetry. Unfor- 
tunately, every triggering or gating prolongs the acqui- 
sition time while the compensation of motion artifacts 
usually remains incomplete (Biederer et al. 2002a). Si- 
multaneous double -triggering or gating for respiration 
and cardiac pulsation is usually not favorable, although 
recommended by some authors (Leutner et al. 1999). 
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In conclusion, simply scaling up the sequence packages 
from cardiac MRI does not lead to a lean protocol. Full 
anatomic coverage for lung imaging requires larger vol- 
umes and more slices compared to cardiac MRI mean- 
while examination time restrictions for clinical routine 
are the same (Finn et al. 2006; Lima and Desai 2004). 

For practical use, the easiest way to overcome re- 
spiratory motion is therefore to use breath-hold tech- 
niques with full anatomic coverage (ideally the whole 
thorax) within a single 20-s breath-hold - and to ignore 
cardiac action. If acquisition time exceeds this limit or 
if a patient cannot hold his breath for 20 s, the exami- 
nation can be split into blocks that are acquired within 
several breath-holds. However, splitting the acquisition 
introduces additional artifacts, if the level of the breath- 
holds is not reproducible (Biederer et al. 2001). Car- 
diac pulsation can be overcome with very fast single 
shot techniques such as fast spin-echo imaging us- 
ing half Fourier acquisition (e.g. T2-HASTE) or very 
short echo times (e.g. ultra fast turbo -spin -echo UTSE) 
(Leutner et al. 1999). Fast low angle shot gradient 
echo and Tl -weighted 3D gradient echo (e.g. Volume 
Interpolated Breath-hold Examination (VIBE)) also 
tend to be quite robust to cardiac motion, even without 
cardiac triggering or gating. Their image quality largely 
depends on the breath-hold capability and compliance 
of the patient more than the compensation for cardiac 
motion. Sometimes, readout-frequencies or their mul- 
tiples appear to synchronize with heart action so that 
a "pseudo-gating" results in very sharp delineation of 
the heart. To our knowledge, this has not been further 
investigated so far, but it might be a useful approach 
to achieve more robustness of the gradient echo se- 
quences against cardiac pulsation. The suggestions for 
a standard protocol in this chapter are based on breath 
hold sequences with acceptable robustness against car- 
diac pulsation to keep within an acceptable time frame 
for clinical routine. 

Another approach is to acquire sets of single shot im- 
ages without any instructions to the patient. This can be 
achieved with fast spin-echo imaging using half Fourier 
acquisition techniques (e.g. T2-HASTE, as mentioned 
above) or axial steady state gradient echo imaging (SS- 
GRE, TrueFISP) which are acquired with a slice overlap 
of, e.g., 50% during free breathing. The result is a series 
covering the whole chest with a pseudo-cine visualiza- 
tion of respiratory motion and cardiac action. The SS- 
GRE series is particularly interesting for this purpose, 
since its T1/T2 -weighted contrast displays blood bright 
with good contrast against thrombotic material. It yields 
basic information on pulmonary motion during the 
respiratory cycle as well as on size, shape and patency 
of the central pulmonary vessels. Thus, it can be used 



as a fast technique to exclude massive acute pulmonary 
embolism even in non- compliant patients during free 
breathing (Kluge et al. 2005). 

It can be anticipated for the near future that dedi- 
cated sequence designs will lead to more effective mo- 
tion compensation. Parallel imaging contributes to 
further reduction of examination times and thus gives 
more room for triggering or gating (Griswold et al. 
2002; Heidemann et al. 2003). Active breathing control 
based on online spirometry and a shutter valve to syn- 
chronize segmented k-space acquisition with selected 
phases of the respiratory cycle was presented recently 
(Arnold et al. 2007). Simple and robust techniques are 
sequence designs with rotating sets of phase encoding 
bars providing inherent motion compensation (PRO- 
PELLER or BLADE) (Pipe 1999; Deng et al. 2006). Self- 
navigated sequence design (Brau and Brit tain 2006) 
and retrospective gating of heavily oversampled K-space 
data (Remmert et al. 2007) are promising candidates. 
Short echo time single shot imaging with radial K-space 
acquisition appears to be completely robust against mo- 
tion artifacts (Jerecic et al. 2004). These are a few ex- 
amples for a number of techniques under investigation 
and further aspects will be addressed in this book. For 
the time being, and to start off, the majority of users will 
have to rely on what is available on the clinical scanners. 
Therefore the protocol suggestions of this chapter are 
based on routine sequences. 



Strategies for Imaging 
Lung Parenchyma Disease 

In respect to MR imaging, diseases of the lung can be 
divided into two groups: Diseases which increase pro- 
ton density ("plus pathology") and diseases which re- 
duce proton density of the lung ("minus pathology"). 
Any increase in lung proton density due to solid lesions 
or infiltration with liquids - fortunately the vast major- 
ity of cases - is easy to detect with MRI, in particular 
against the dark background of the healthy lung paren- 
chyma. This implies that to visualize lung parenchyma 
signal itself is clinically not too important for morpho- 
logic imaging of lung disease - except for the few enti- 
ties which produce "minus pathology". These are mainly 
overinflation due to air trapping, emphysema or pneu- 
mothorax. These conditions can be only visualized, if 
intact lung structure and pathologic parts have a differ- 
ent signal. This can be achieved with contrast enhanced 
perfusion imaging or ventilation studies with hyperpo- 
larized gases - while the first can be addressed within 
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a standard protocol suggestion, the latter remains to be 
reserved for specialized centres. 

Compared to plain chest X-ray, MRI has been proven 
to yield a higher sensitivity for lung nodules but it does 
not yet match CT. Depending on the water content, 
nodules can be detected either on fast Tl -weighted 3D- 
gradient echo images (VIBE), T2 -weighted single shot 
partial-Fourier acquisition spin echo images (HASTE) 
or inversion recovery series (TIRM). Schaefer et al. 
2005 have shown a similar detection rate of small pul- 
monary nodule of Tl- and T2- weighted sequences, but 
the number of false positives was lower with fast Tl- 
weighted gradient echo sequences. The sensitivity for 
lung nodules larger than 4 mm ranges between 80% and 
90% and reaches 100% for lesions larger than 8 mm. 
Overall, it appears realistic to assume a threshold size of 
3-4 mm for lung nodule detection with MRI, given that 
conditions are optimal (i.e. patient can keep a breath 
hold for 20 s or perfect gating/triggering) (Biederer 
et al. 2003a; Both et al. 2005; Schroeder et al. 2005; 
Bruegel et al. 2007; Fink et al. 2007). Exceptions are 
calcified nodules, which appear black. Thus, lung MRI 
cannot be recommended for staging chondrosarcoma 
or other entities with calcified metastases. Tools for lung 
nodule detection and computer aided lung nodule volu- 
metry are under investigation, but so far not commer- 
cially available. 

Unfortunately, Tl-GRE images do not visualize in- 
filtrative processes well. Experimental results show that 
the signal intensity of fluid inside lung tissue on Tl- 
GRE is much too low to be of diagnostic use (Biederer 
et al. 2002b). Lung infiltration, e.g. due to pneumonia, 
can instead be readily detected on T2 -weighted images 
as well as on TrueFISP and T2-TIRM (Fink et al. 2007). 
It is therefore commonly accepted to add T2 -weighted 
sequences for the evaluation of pulmonary infiltrates. 
Fast T2 -weighted single shot imaging techniques can 
be performed with partial-Fourier acquisition (e.g. 
HASTE) or ultra short TE (UTSE). A dark blood prepa- 
ration pulse may be favorable for particular purposes 
such as imaging of the mediastinum. As an alternative 
to breath hold imaging, fast T2-weighted spin-echo se- 
quences with respiratory triggering have produced rea- 
sonable results (Leutner and Schild 2001; Biederer 
etal. 2002a). 

As discussed above, full anatomic coverage of the 
chest is highly appreciated to overcome respiratory 
motion artifacts or overlap -effects between multiple 
breath hold acquisition. Partial parallel imaging has 
contributed significantly to reduce examination times 
to breath hold periods of 20 s and less, each allowing to 
cover the complete chest with one acquisition. Modern 



1.5-T scanners with parallel imaging technique allow 
acquisition 3D -data sets of the whole chest with voxel 
sizes of down to 1.6 x 1.6 x 4 mm or isotropic voxels 
of 2 x 2 x 2 mm within one breath-hold. Parallel im- 
aging techniques use arrangements of multiple coils to 
acquire additional information along the phase encod- 
ing direction. 

K-space data are partially reconstructed from spa- 
tial information, which originates from differences in 
the signal intensities depending on the distance of a 
location to the individual coils. The result is a substan- 
tial improvement in image acquisition speed, usually 
two- or threefold. For the lung, acceleration factors of 
2-3 are reasonable; more than 3 can so far not be rec- 
ommended. If available, GRAPPA- algorithms appear 
to produce a slightly better signal-to-noise ratio than 
T-SENSE. 



Suggestions for a Lean 
Standard Protocol 

The following suggestions for a lung imaging protocol 
are derived from MR sequence components of current 
standard installations. All protocol suggestions in this 
chapter are based on parallel acquisition techniques. 
The necessary hardware is nowadays available at most 
sites. Nevertheless, if parallel imaging techniques are 
not available, the protocol can be readily changed to 
multi-breath-hold acquisitions. The preparation for the 
examination includes instruction of the patient for the 
breathing maneuvers, the application of a respiratory 
belt and selection of a phased array body coil for tho- 
racic imaging. ECG is not required on a routine basis 
but should be used if cardiac imaging sequences are 
planned, e.g. in case of tumor infiltration into the peri- 
cardium or large vessels of the mediastinum. 

The imaging protocol starts with a gradient echo 
localizer in inspiration to plan the study (Table 1.1). 
The first sequences are acquired in breath-hold, usually 
starting with the coronal T2-HASTE (Fig. 1.1) followed 
by the transverse T1-3D-GRE (VIBE) (Fig. 1.2). As 
defined above, these sequences cover infiltrative disease 
and solid lung pathology, respectively. The T2 -weighted 
single shot images provide high signal and good lesion- 
to-background contrast but due to partial Fourier 
acquisition and long echo trains the delineation of 
structures is slightly blurred. The overall signal of the 
Tl -weighted 3D-GRE images is lower, but sharpness is 
improved due to a higher spatial resolution. Both se- 
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Table 1.1. Suggested standard protocol for MRI of the lung. The upper section of the table contains the components of the basic 
protocol, the lower section extensions to the protocol. Detailed sequence parameters are provided with the figures 



Sequence 


Acquisition time 


Respiratory level 


Diagnostic yield 


Basic protocol 


Localizer 


0:10 


Inspiratory breath hold 


Study planning 


T2-HASTE (Fig. 1.1) 


0:18 


Inspiratory breath hold 


Infiltrative lung disease, cardiac morphology 


T1-3D-GRE (Fig. 1.2) 


0:20 


Inspiratory breath hold 


Solid pathology, mediastinum 


T1/T2-SS-GRE (Fig. 1.3) 


0:56 


Free breathing 


Pulmonary embolism, gross cardiac dysfunction 


T2-STIR/TIRM 
(Fig. 1.4) 


1:28 


Multiple breath holds 


Mediastinal lymph nodes 


T1/T2-SS-GRE (Fig. 1.5) 


0:19 


In/expiration ("FEV1") 


Respiration mechanics 


Protocol extensions 


T2-FSE(Fig. 1.6) 


>5:0 


Respiration trigger 


Mediastinal structures, infiltrative lung disease 


3D-perfusion (Fig. 1.7) 


0:29 


Inspiratory breath hold 


Lung parenchymal perfusion 


3D-GRE angio (Fig. 1.8) 


0:21 


Inspiratory breath hold 


Pulmonary angiogram 


Tl-3D-GREpost 
contrast 


0:20 


Inspiratory breath hold 


Solid pathology, mediastinal and pleural disease 



Fig. 1.1. T2-weighted single shot half Fourier (T2 HASTE) in 
a healthy male 30-year-old volunteer 



resp. control 


insp./bh. 


slice orientation 


Coronal 


TA (min:s) 


0:18 


slices per acquisition 


30 
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Fig. 1.2. Tl -weighted Volumetric interpolated 3D gradient 
echo sequence (VIBE) in a healthy male 30-year-old volunteer 
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Fig. 1.3. T1/T2 -weighted steady state gradient echo sequence 
(TrueFISP) in a healthy male 30-year-old volunteer; adjusted to 
free breathing semi-dynamic study of the chest 
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quences usually do not show a visible signal of healthy 
lung tissue, unless infiltrates, atelectasis or solid lesions 
are present. 

A coronal T1/T2- weighted, free breathing SS-GRE 
sequence (TrueFISP) is acquired next (Fig. 1.3). This 
allows the patient to recover from the breath-hold ma- 
neuvers. Signal intensity of the SS-GRE images is inter- 
mediate, but basic information on pulmonary motion 
during the respiratory cycle and on cardiac action are 
generated within a very short time. This part of the pro- 



tocol also allows for an exclusion of relevant pulmonary 
embolism due to a bright signal of the lung vessels with 
a good contrast against hypointense thrombotic mate- 
rial. The signal of health lung parenchyma on SS-GRE 
images is low, but still significantly higher than on the 
first sequences of the protocol. 

Additionally, a STIR image series is acquired using 
a multiple breath-hold technique (Fig. 1.4). As already 
mentioned, inversion recovery sequences contribute 
significantly to the detection of mediastinal lymph 
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Fig. 1.4. Inversion recovery fast spin echo sequence (TIRM, 
STIR) in a healthy male 30-year-old volunteer 
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Fig. 1.5. T1/T2 -weighted steady state gradient echo sequence 
(TrueFISP) in a healthy male 30-year-old volunteer; adjusted 
to study respiration dynamics. The FEV1 -maneuver includes 
maximum in- and expiration manoeuvres and requires inten- 
sive interaction with the operator 
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nodes and edematous bone lesions while healthy lung 
parenchyma signal appears completely black. 

The final acquisition is a single slice dynamic SS-GRE 
series for diaphragmatic function (Fig. 1.5). The series 
is focused on the highest elevation of the diaphragmatic 
dome to be acquired with a temporal resolution of 3-10 
images per second, depending on the performance of 
the MR scanner (Plathow et al. 2006). Otherwise the 
parameters are identical to the third acquisition. The 
patient is instructed to breathe deeply just like during 



a lung function test (so-called FEV1 -maneuver). This 
short part of the protocol appreciates the potential of 
time-resolved MR image series to visualize functional 
aspects, i.e. on diaphragmatic function as a significant 
advantage compared to CT. 

This basic protocol can be concluded after a total 
room time of approximately 15 min. Specific variations 
of the protocol and additional series as extensions to 
this protocol are added depending on the indication, i.e. 
post i.v. contrast scans. 
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Specific Variations of the Protocol 

1.6.1 

Paramagnetic Contrast Agents 

Significant differences of the available paramagnetic 
contrast agents have not been shown so far. For simple 
post- contrast imaging, reasonable results are achieved 
with a simple manual i.v-injection of 0.1-0.2 mmol 
gadolinium -DTPA (Magnevist®) per kg body weight 
(or equivalent). Lung perfusion imaging with time re- 
solved contrast-enhanced magnetic resonance angiog- 
raphy warrants the use of a power injector. 

Post-contrast scans improve the diagnostic yield of 
3D-GRE sequences by clearer depiction of vessels, hi- 
lar structures and pleural enhancement. Parenchymal 
disease and solid pathologies are also enhanced. Thus, 
a study to exclude pulmonary malignancies, e.g. for 
staging purposes, should usually comprise contrast en- 
hanced series, preferably with a fat-saturated 3D-GRE 
sequence. Contrast enhancement is also necessary in 
case of pleural processes (empyema, abscess, metastatic 
spread of carcinoma, mesothelioma) for the further 
evaluation of solid masses as well as functional imag- 
ing or angiography (Biederer et al. 2003b). Since the 
sequences so far listed only include a 3D-GRE sequence 



without fat saturation, it might be favorable to acquire 
an additional fat-saturated scan before i.v. contrast ad- 
ministration to allow for a direct comparison of con- 
trast uptake. The other sequence parameters are identi- 
cal with the initial non-contrast enhanced acquisition. 

Further options to extend the standard protocol are 
Tl- and T2-weighted SE or FSE-sequences with respi- 
ratory triggering (or gating; Fig. 1.6). Traditionally, Tl- 
weighted images are recommended for the detection of 
lymph nodes and tumor infiltration into the chest wall, 
but since T2 -weighted sequences additionally contrib- 
ute to the evaluation of lung parenchyma pathology and 
provide equal information about the chest wall and me- 
diastinum, they are the method of choice to conclude 
the study, if desired. 



1.6.2 

Lung Perfusion and Angiography: 

Temporal vs Spatial Resolution 

One of the most common clinical problems to be ad- 
dressed with MRI are diseases of the lung vessels and 
irregularities of pulmonary perfusion. Our suggestion 
for a standard protocol therefore comprises two op- 
tional variations of Tl -weighted ultra-short TR and TE 
contrast-enhanced three-dimensional gradient echo 
sequences for breath hold magnetic resonance angio- 



Fig. 1.6. Respiration-triggered T2-weighted fast spin echo 
sequence (T2-TSE) in a healthy male 30-year-old volunteer 
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graphy (MRA) (Prince 2004): a dynamic series with 
high temporal resolution for first pass perfusion studies 
of the lung parenchyma (this can be only achieved on 
the cost of a lower spatial resolution) and an angiogram 
with high spatial resolution (resulting in lower temporal 
resolution). 

At this point, a short overview is given to complete 
the suggestions for a standard protocol. Further techni- 
cal aspects and recommendations for image post-pro- 
cessing of first pass contrast-enhanced lung parenchyma 
perfusion imaging and pulmonary MRA are addressed 
in dedicated chapters of this book. 

For lung perfusion imaging, the scan time for each 
3D data set should be reduced to less than 5 s (Fink 
et al. 2004; Goyen et al. 2001; Schoenberg et al. 1999; 
Hatabu et al. 1996). This can be achieved by most clini- 
cal MR scanners with parallel imaging capability. For 
lower performance systems, 2D perfusion MRI may 
still be favorable to provide optimum temporal reso- 
lution (Levin et al. 2001), but anatomic coverage and 
spatial resolution in the z-axis are usually not accept- 
able for clinical applications. The easiest approach to 
perfusion studies is to start contrast injection and the 
MR sequence simultaneously without bolus timing. 
Arterial-venous discrimination is improved by high 
temporal resolution and the study is robust to motion 
artifacts even in patients with severe respiratory disease 
and limited breath-hold capability. For documentation 



and viewing, contrast- enhanced 3D perfusion MRI is 
usually processed by subtraction of mask image data ac- 
quired before contrast bolus arrival (Fig. 1.7). Since the 
acquisition time and diagnostic yield completely cover 
the information provided by a test bolus, the dynamic 
perfusion series may be used to calculate bolus tim- 
ing for the following high spatial resolution angiogram 
(Biederer et al. 2006). Disadvantages compared to the 
test bolus method are the additional time needed for 
image post-processing and the slightly higher amount 
of contrast medium (0.07 mmol/kg patient weight). To 
synchronize bolus profiles with the angiogram, injec- 
tion speed and the volume of the bolus plus sodium 
chloride chaser (at least 20 mL sodium chloride) should 
be the same. A highly efficient image reconstruction 
system and a power injector are prerequisites for this 
approach. 

The pulmonary arteriogram is acquired with a mini- 
mum relaxation time (TR) of less than 5 ms and an echo 
time (TE) of less than 2 ms and with a high spatial reso- 
lution (e.g. a voxel size of 1.2 x 1.0 x 1.6 mm requiring 
a breath-hold of 20-30 s). The short TR allows for short 
breath-hold acquisitions and the short TE minimizes 
background signal and susceptibility artifacts. The abil- 
ity of the patient to hold the breath is crucial for image 
quality. Full anatomic coverage is achieved with image 
acquisition in coronal orientation and a single injection 
of contrast (0.1-0.2 mmol/kg flow rates between 2 and 



Fig. 1.7. Tl -weighted 4D contrast-enhanced first pass per- 
fusion study in a healthy 24-year-old female subject (clinical 
study to exclude pulmonary embolism) 
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Fig. 1.8. Tl -weighted 3D contrast-enhanced MRA in a 
healthy 24-year-old female subject (clinical study to exclude 
pulmonary embolism) 
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5 mL/s, minimum 20 mL saline flush administered 
by an automatic power injector) is sufficient. Vascular 
signal intensity is determined by the gadolinium (Gd) 
concentration at the time of central k- space acquisi- 
tion, thus the scan delay should be individually adjusted 
using a care bolus procedure or a test bolus examina- 
tion - ideally the first pass perfusion study as described 
above. One of the most frequent clinical problems to be 
addressed with MRA and perfusion imaging is the ex- 
clusion of pulmonary embolism in young women with 
potential pregnancy. For this particular purpose, it ap- 
pears favorable to adjust the center of the k-space to 
maximum parenchymal perfusion (approximately 2 s 
later than central pulmonary artery peak contrast). The 
reconstructed MIP provides a very illustrative image of 
the lung parenchyma (see the example in Fig. 1.8). Im- 
age subtractions, multiplanar reformations (MPR) and 
maximum intensity projections (MIP) are the standard 
tools for viewing and documentation of the results. 



1.6.3 
Mediastinum 

The mediastinum contains the heart and the large ves- 
sels, the trachea, the esophagus, neural structures as well 
as lymphatic tissues and the thoracic duct. Anatomi- 
cally the mediastinum is traditionally divided into three 
compartments even though there is no physical barrier 



between them. These are the anterior, middle and pos- 
terior mediastinum, mainly defined by the organs of the 
middle part like the heart and large vessels (Strollo 
1997a, b). The typical indications for cross sectional im- 
aging of the mediastinum are masses originating from 
the present structures. While size and position of a tu- 
mor can be assessed with MRI as well as with CT, both 
modalities contribute to the characterization of tumors, 
e.g. with the detection of fat or calcifications inside a 
teratoma. In this case, CT has a higher sensitivity for 
small calcifications. Usually, CT is acquired with the 
administration of contrast media to obtain a sufficient 
contrast between vessels and soft tissues while most 
mediastinal masses can be readily identified on native 
MRI due to its inherent and excellent soft tissue con- 
trast (Landwehr et al. 1999). However, for the assess- 
ment of unclear masses, the administration of paramag- 
netic contrast agent provides more insights into tumor 
composition and differentiation. 

Basically, the mediastinum is fully covered with the 
suggestions for lung imaging within this chapter. Iden- 
tification and classification of mediastinal processes is 
possible by using unsaturated and fat saturated native 
3D gradient echo sequences and repeating the latter af- 
ter contrast administration. With an in plane resolution 
of 1.6 mm, even very small lymph nodes can be de- 
tected. It is imperative however to apply fat saturation to 
contrast enhanced images, otherwise enhanced lymph 
nodes do not show within the surrounding fatty tissue. 
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The T2-weighted inversion recovery images (TIRM) of 
the protocol are well appreciated for the visualization 
of mediastinal lymph nodes (Ohno et al. 2004). Nev- 
ertheless, more specific protocols are warranted, if the 
clinical problem is directly related to the mediastinum 
and its structures. A quick method for scanning medi- 
astinal masses is a black blood prepared Fourier fast 
spin echo sequence (HASTE) (Hintze et al. 2006). Na- 
tive MRI benefits from black blood techniques which 
reduce flow artifacts. It allows for identification of 
vessel walls and better differentiation to lymph nodes, 
but is used on the cost of signal intensity. The disad- 
vantages of all available breath -hold -techniques are 
their limited spatial resolution and their only partially 
Tl- or T2- weighted contrast. For the chest wall and the 
mediastinum, clear Tl- and T2-contrast can be very 
helpful, in particular for the characterization of medi- 
astinal masses. Conventional spin- echo and fast spin- 
echo imaging require acquisition times of a couple of 
minutes so that cardiac and respiratory motion have to 
be compensated for, i.e. with triggering or gating. Since 
respiratory motion usually plays a minor role, in par- 
ticular while imaging the upper mediastinum, the ben- 
efits of respiration triggered sequences are limited and 
do not pay off for the significantly higher acquisition 
times. Conventional ECG-triggered Tl -weighted spin 
echo and T2 -weighted fast spin echo sequences provide 
excellent detail of structures close to the heart. Depic- 
tion of lymph nodes on both sequences is equal. Appro- 
priate sequences are available on any standard instal- 
lation. Thus, they were not specifically adapted for the 
purposes of our protocol suggestions. However, an ex- 
cellent visualization of both, mediastinal lymph nodes 
and lung parenchyma, is achieved with the respiration- 
triggered T2 -weighted fast spin echo sequence of the 
protocol (Fig. 1.6). 



1.6.4 

Chest Wall and Apex 



are conventional spinecho and fast (turbo-) spinecho 
sequences without specific motion compensation, since 
this part of the chest shows the least motion artefacts 
being distant from the heart and diaphragm. Towards 
the lower thoracic aperture, imaging the posterior chest 
wall remains easy while imaging the anterior chest wall 
becomes difficult due to respiratory motion. However, 
the conventional solution to this problem is easy and ef- 
fective: The examination is performed in prone position. 
This has been used on a routine basis for breast MRI for 
many years and it is extremely helpful to remember this 
simple trick when a study is planned for imaging any 
other component of this location, e.g. an unclear mass 
or destruction of the sternum. 



1.6.5 

Paediatric Applications 

The use of lung MRI is of particular interest for pae- 
diatric radiology. Except for ultrasound, which is par- 
ticularly difficult in the lungs, lung MRI provides the 
only imaging modality for the chest without radiation 
exposure. The limitations of the suggested standard 
protocol in this chapter are twofold. The first is that 
breath-hold imaging requires a reasonable compliance 
of the patient. The authors have made good experience 
with children aged 10 years and more (Eichinger et al. 
2006). Acceptable results were achieved even in some 
younger subjects between 6 and 10 years if the interac- 
tion with the patient was good, even with breath-hold 
techniques. Single shot steady state imaging (TrueFISP) 
has been successfully implemented for children of less 
than 6 years (Rupprecht et al. 2002). In smaller chil- 
dren, the fast breathing frequency is in favor of respi- 
ration triggered sequences. The second limitation refers 
to the Tl -weighted 3D-GRE (VIBE) acquisition, which 
suffers from low signal in small volumes and voxels, if 
the matrix is adapted to very small children. 



Due to the above-mentioned technical difficulties, MRI 
of the chest was for a long time limited to the posterior 
chest wall and the upper thoracic outlet. Both locations 
are relatively static and can be examined with classi- 
cal Tl- and T2-weighted spin-echo and fast spin-echo 
techniques (Shiotani et al. 2000). 

A typical indication for imaging the lung apices and 
the upper chest wall is infiltration of this region by a 
tumour, e.g. a Pancoast lesion. The structures of interest 
are the large vessels, the cervicobrachial plexus and the 
spine with the spinal cord. The preferred MR techniques 



Protocols for Ultra High 
and Low Field Scanners 

The particular challenges of lung imaging with MR 
imply that imaging at 3T might be unfavorable due 
to increasing susceptibility artifacts while a lower field 
strength, e.g. of 0.5 T, should achieve a relative increase 
the signal intensity for the lung parenchyma compared 
to 1.5 T. 
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Practice shows that 3-T images obtained with 
the protocol suggestions for 1.5 T are of similar qual- 
ity (Regier et al. 2007; Lutterbey et al. 2007, 2005). 
In a recently published observer preference study, the 
imaging characteristics of different pulse sequences 
used for lung MRI did not substantially differ between 
1.5 T and 3 T (Fink et al. 2007). At both field strengths 
T 2 -weighted half Fourier single shot sequences 
(HASTE) showed the highest signal-to background ratio 
for infiltrates and were rated best for the delineation of 
infiltrates. 3D gradient echo sequences (VIBE) achieved 
the highest signal-to-background ratio for nodules and 
the best rating for the depiction of nodules at both field 
strengths. At 3 T, contrast and signal of gradient echo 
sequences improved slightly while steady state gradient 
echo sequences suffered from increasing off-resonance 
artifacts. To study respiratory dynamics at 3 T, gradient 
echo sequences should be preferred to steady state se- 
quences. Image quality of inversion recovery sequences 
decreased minimally at 3 T. The respiration triggered 
fast spin echo sequence was the preferred sequence 
for the visualization of the mediastinum at both field 
strengths. Thus, at present, no advantage can be seen in 
using ultra-high-field MR for scanning lungs, but the 
above given protocol suggestions can be transferred to 
3 T. Potential benefits of dedicated protocols specifically 
adapted to the requirements of ultra high field imaging 
have not been evaluated so far. 

Principally, low-field scanners are economic and 
yield the advantages of open systems regarding patient 
compliance, in particular for children. Unfortunately, 
the protocol recommendations for 1.5-T systems can- 
not be transferred one by one. So far, Tl-GRE and T2- 
FSE sequences have been successfully implemented on 
0.5 T scanners (Abolmaali et al. 2004; Schaefer et al. 
2002). Due to the lower gradient performance of the sys- 
tems, 2D gradient echo sequences were preferred to 3D 
techniques. Steady state gradient echo sequences with 
strong Tl/T2-contrast producing high signal of solid 
and liquid pathology have been found to be particularly 
useful as well. The lower prevalence of susceptibility ar- 
tifacts at lower field strength is in favor of steady state 
imaging techniques. Also known as SS-FFE, TrueFISP 
or balanced steady-state acquisition with rewound gra- 
dient echo (BASG), they can be applied as 2D- or 3D- 
multislice- acquisitions or as single thick- slice technique 
(Heussel et al. 2002). Clear protocol suggestions as de- 
fined for 1.5 T have not been published so far, but the 
general sequences parameters are available from the 
cited publications. 
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KEY POINTS 



Although still not considered as the first line imag- 
ing test for the assessment of pulmonary vascular 
disease, recent technical improvements such as 
parallel imaging have made pulmonary ce-MRA 
ready for clinical use as a radiation free alternative 
to pulmonary CT angiography. An interesting ad- 
vantage over CT is the possibility to acquire time- 
resolved MRA data which can be used for an addi- 
tional functional assessment of pulmonary blood 
flow. Especially in patients with low or moderate 
clinical probability for pulmonary embolism, pul- 
monary MRA might be considered as a radiation 
free alternative to CTA. 



Introduction 



Multi- detector Computed tomography angiography 
(CTA) of the lung is nowadays considered as the clini- 
cal standard of reference for the assessment of pul- 
monary vascular disease (Remy-Jardin et al. 2007). 
In contrast, different to other vascular territories (e.g. 
the peripheral arteries of the lower legs), magnetic 
resonance angiography (MRA) is generally accepted 
only as a second-line imaging tool for the assessment 
of the pulmonary circulation. When compared to CT, 
the inferior spatial resolution and longer examination/ 
breathhold times are looked upon as the major draw- 
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backs of pulmonary MRA. In potentially critically ill 
patients, as in patients with pulmonary embolism, the 
limited patient access in the magnet and the environ- 
ment of the magnetic field are considered as a potential 
contraindication for MRI. 

On the other hand there are also potential advan- 
tages of pulmonary MRA for the evaluation of lung 
disease. Above all this includes the lack of ionising ra- 
diation. Recently, several publications have raised con- 
cerns about the potential harmful effect of diagnostic 
CT studies, resulting in an increased life-time risk for 
the development of cancer (Brenner and Hall 2007; 
Einstein et al. 2007). Especially in young individuals 
with congenital or chronic disease requiring frequent 
follow-up examinations (e.g. congenital heart disease), 
radiation is a major clinical issue. Moreover, MRI has 
the unachieved potential to combine morphologic with 
functional imaging. In patients with lung diseases this 
could include the functional assessment of ventilation 
or perfusion, or the assessment of right heart function. 



18 



C. Fink 



Imaging Technique 

Although several methods have been proposed for MRI 
of the pulmonary vasculature (including non-enhanced 
time of flight or black-blood angiography), gadolin- 
ium-enhanced 3D gradient echo MRA (ce-MRA) has 
been established as the standard method for pulmo- 
nary MRA. In general, short echo times, i.e. lower than 
2-3 ms, should be used to eliminate susceptibility ef- 
fects resulting from the very short T2* times of the lung 
(Prince et al.2003). 

There are two different approaches to contrast-en- 
hanced pulmonary MRA. One approach is to acquire 
3D volume data of the pulmonary vasculature with a 
high spatial resolution, ideally with isotropic spatial 
resolution in all directions. To improve the spatial reso- 
lution within an acquisition time suitable for breath - 
holding, the acquisition of two sagittal small field of 
view data sets with two separate contrast injections 
has been proposed (Oudkerk et al. 2002). Potential 
drawbacks of this approach are the requirement of a 
higher contrast agent dose and an unusual orientation 
of the source data, which might require further post- 
processing. 

The vascular density of the chest is very high. More- 
over, the lungs have a very short transit time, i.e. in 
the range of 3-5 s (Fishman 1963). As a consequence 
contrast- enhanced pulmonary MRA often has substan- 
tial venous contamination, potentially affecting the di- 
agnostic accuracy. To reduce venous contamination, a 
very compact bolus profile should be aimed at by using 
a single dose (i.e. 0.1 mmol/kg b.w.) of gadolinium in 
combination with a high injection rate (e.g. 3-5 mL/s). 
Ideally, an automatic power injector and saline flush 
should be used. Another option to improve arterio- 
venous separation is the use of time-resolved imaging 
strategies which, depending on the acquisition time and 
injection protocol, will result in exclusive angiograms or 
venograms of the lungs (Fink et al. 2005; Schoenberg 
et al. 1999). 

To ensure maximum vascular contrast of the pulmo- 
nary vessels in ce-MRA, the acquisition of the central k- 
space data has to be synchronized with the arrival of the 
contrast agent bolus in the pulmonary arteries, which 
can be achieved by a test bolus examination or bolus 
triggering. Another approach is to perform pulmonary 
MRA in a time-resolved fashion, as this technique is less 
sensitive for incorrect bolus timing. Depending on the 
breathhold capabilities of the patient and the tempo- 
ral resolution of the sequence, the contrast injection is 



synchronized with the start of the data acquisition. This 
enables one to acquire a non-enhanced data set, which 
can be used for subtraction. Then arterial, mixed arte- 
rial/venous and venous MRA data sets are acquired. In 
addition time-resolved MRA is less sensitive for motion 
artefacts (e.g. in dyspnoeic patients with PE) (Go yen 
et al. 2001) (Fig. 2.1). Another and probably the most 
important advantage of time-resolved MRA is that it 
also allows functional information of the pulmonary 
circulation, such as the characterization of shunts or 
the assessment of capillary perfusion of the lung paren- 
chyma to be obtained. Several studies have shown the 
feasibility of pulmonary perfusion MRI using a time-re- 
solved MRA technique (Fink et al. 2004b; Nikolaou 
et al. 2005; Ohno et al.2003). 

The introduction of parallel imaging techniques 
has substantially improved the potential of pulmonary 
MRA. Compared to conventional MRI, with paral- 
lel imaging only a fraction of the phase encoding lines 
is acquired while the missing information is recon- 
structed to a full field- of- view image using the inherent 
spatial encoding of the different receiver coils (Gris- 
wold et al. 2002). In practice, the temporal benefit of 
these partially parallel acquisition techniques is in the 
range of a factor of 2-3 (Fink et al. 2003). Using par- 
allel imaging, the acquisition time can be reduced for 
high spatial resolution MRA without reducing the spa- 
tial resolution, or the spatial resolution can be increased 
to submillimeter isotropic resolution without prolong- 
ing the acquisition time. For time-resolved MRA, paral- 
lel imaging allows increase of the temporal resolution, 
allowing for functional MRA and perfusion imaging. 
In addition to parallel imaging, other k- space sam- 
pling techniques such as view-sharing can also be used 
for pulmonary MRA. In view-sharing some parts of 
k-space are updated more often than others, leading to 
an effective shortening of the total acquisition time. For 
3D applications, Korosec et al. (1996) introduced the 
view sharing implementation TRICKS (time-resolved 
interpolated contrast kinetics) to visualize the transit of 
a contrast agent bolus. In TRICKS, the low frequency 
k-space data which contributes most significantly to the 
image content is sampled more frequently than the high 
frequency k-space data which is interpolated between 
consecutive time frames. 

Further developments of alternative k-space sam- 
pling strategies such as a combination non- Cartesian 
k-space sampling (e.g. spiral k-space sampling) and 
view-sharing can further improve the spatial and tem- 
poral resolution of time-resolved pulmonary MRA data. 
In a recent publication by Du and Bydder (2007), pul- 
monary MRA data was acquired with a spiral-TRICKS 
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Fig. 2.1. Images of a time-resolved 3D MRA of a patient with acute central pulmonary embolism. Us- 
ing parallel imaging the temporal resolution could be reduced to under 10 s per 3D data set without relevant 
trade-offs in the spatial resolution. The spatial resolution is sufficient to visualize peripheral emboli {arrow). 
Reproduced from Fink (2007) with permission) 



MRA with a spatial resolution of 0.6 x 0.6 x 2 mm 3 
and a temporal resolution of approximately 2 s. 

With the introduction of clinical 3T MRI systems, 
high field imaging has also been evaluated for pul- 
monary MRA. In a feasibility study by Nael et al. 
(2006a), 22 volunteers and 9 patients with mediastinal 
masses or pulmonary hypertension were examined 
with a high spatial resolution (reconstructed voxel 
size: 0.6 x 0.9 x 1.4-2.0 mm 3 ) and time-resolved 
(reconstructed voxel size: 1.6 x 1.2 x 12 mm 3 , TA: 
1.5 s) pulmonary MRA at 3 Tesla. Visualization up to 
fourth-order pulmonary arterial branches was observed 
in time-resolved MR angiograms and that up to fifth- 
order branches was observed in high spatial resolu- 
tion MR angiograms with good image quality and high 
SNR. In a subsequent study by the same author, the 
feasibility of isotropic high spatial resolution MRA of 
the entire pulmonary circulation was evaluated using 
a 32-channel coil array. Using GRAPPA with an accel- 
eration factor of six MRA data sets with a voxel size of 
lxlxl mm 3 were acquired in a breathhold time of 
20 s and allowed the visualization of fifth-order arterial 
branches with high SNR and good image quality (Nael 
et al. 2007). The same group also evaluated the feasibil- 



ity of pulmonary perfusion MRI at 3 Tesla using a time 
resolved MRA sequence. In comparison to 1.5 T, the 
results of pulmonary perfusion and flow indices were 
comparable at both magnetic fields, with no statistically 
significant difference. Significantly higher SNR values 
were found for vascular structures at 3.0 T, whereas the 
parenchymal enhancement was significantly lower at 
3.0 T (Nael et al. 2006b). Table 2.1 gives examples of 
time-resolved and high-resolution ce-MRA protocols. 

Apart from advances in hardware and sequence 
techniques, new MR contrast agents can potentially 
improve pulmonary MRA. Recently, the first blood pool 
MR contrast agent (i.e. Gadofosveset Trisodium) has 
been approved for MRA. For pulmonary MRA, blood 
pool MR contrast agents are promising, as alternative 
imaging techniques, i.e. navigator gated MRA might 
be realized which cannot be used with conventional 
extracellular MR contrast agents (Abolmaali et al. 
2002). Moreover, these chelates usually have a higher 
relaxivity which might be used to improve the spatial 
resolution (Fig. 2.2). Finally, time-resolved MRA (e.g. 
perfusion imaging) might be combined with high-spa- 
tial resolution MRA after a single injection (Fink et al. 
2004a). 
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Table 2.1. Examples of high-resolution and time-resolved ce-MRA protocols 







High-resolution MRA 




Time-resolved MRA 


Field strength 




1.5 T 




3T 




1.5 T 




3T 


TR/TE [ms] 




2.9 x 1.2 




2.98/1.13 




1.98/0.81 




2.06/0.81 


Sequence 








3D FLASH with GRAPPA x2 






Flip angle 




25 




19-23 




20 




14-18 


Bandwidth [Hz] 




650 




710 




1120 




1120 


Voxel size [mm 3 ] 


0.7 


x 1 x 1.6 


0.6 


x 0.9 x 1.4-2 


1.6 


x 1.2 x 10 


1.6 


x 1.2 x 10 


FOV [mm 2 ] 




400 x 400 




390 x 351 




380 x 380 




380 x 380 


Matrix 




512 x 410 




640 x 374 




320 x 240 




320 x 240 


Acquisition time [s] 




22 




20 




1.5 




1.5 


Reference 


Nikolaou et al. 2005 




NAELet al. 2006a 




Nael et 


al. 2006b 




Fig. 2.2a-c. High-resolution contrast-enhanced MRA of the lung acquired with a blood pool MR contrast agent in 
a healthy volunteer. Using parallel imaging for ce-MRA isotropic spatial resolution can be achieved in a scan time of 
approximately 20 s. The isotropic spatial resolution allows a true 3D volumetric assessment of the pulmonary arte- 
rial tree, a Coronal maximum intensity projection (MIP). b Sagittal MIP of right lung, c Sagittal MIP of left lung. 
Reproduced from Fink et al. (2007) with permission 



Postprocessing and Reporting 

The use of spoiled gradient echo sequences with a high 
flip angle usually results in a good background sup- 
pression. To improve further the signal suppression 
of stationary tissue, e.g. for the preparation of MIP 
reconstructions, image subtraction can be used where 



a non-enhanced mask data set is subtracted from the 
contrast- enhanced image data. In patients with lung 
disease, however, dyspnea may results in different dia- 
phragm positions of the non-enhanced and contrast- 
enhanced data set resulting in misalignment artefacts. 
Similar to other vascular territories, 3D pulmonary 
ce-MRA data can be postprocessed using multiplanar 
reconstructions (MPR), maximum -intensity projec- 
tions (MIP), and volume rendering techniques (VRT). 
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Whereas MPR and MIP are routinely used with the 
source images for reporting, VRT is often used for 
demonstration purposes. 



Clinical Applications: Pulmonary Embolism 

Several studies have evaluated the feasibility and diag- 
nostic accuracy of pulmonary ce-MRA for the assess- 
ment of patients with suspected pulmonary embolism 
(PE) (Fig. 2.1). 

In an early study by Meaney et al. (1997) in 30 pa- 
tients with suspected PE ce-MRA with a slice thickness 
ranging between 3 and 4 mm yielded a sensitivity and 
specificity for the detection of PE between 75%- 100% 
and 95%- 100% as compared to conventional pulmo- 
nary DSA. In addition, a good interobserver agreement 
(kappa values of 0.57-0.83) was demonstrated. A sub- 
sequent study by Gupta et al. (1999) evaluated the ac- 
curacy of pulmonary ce-MRA in 36 patients with inter- 
mediate or low probability lung scintigraphy. Also in this 
study all patients underwent pulmonary DSA, which 
demonstrated PE in 13 patients. Pulmonary ce-MRA di- 
agnosed 12 patients as having PE but missed 2 cases. This 
resulted in a sensitivity of 85% and specificity of 96%. 
Both missed pulmonary emboli were isolated and sub- 
segmental in location. Similar to the study by Meaney 
et al. (1997), the spatial resolution of MRA was low, 
using a slice thickness of 3.4 mm. In the largest study 
so far, Oudkerk et al. (2002) assessed the accuracy of 
pulmonary ce-MRA in 141 patients with an abnormal 
perfusion lung scintigraphy and compared the findings 
with pulmonary DSA. To improve the spatial resolu- 
tion 2 separate slabs using a small field of view and 512 
matrix were acquired with a reconstructed slice thick- 
ness of 1.25 mm. Ce-MRA detected 27 of 35 cases with 
confirmed PE, resulting in an overall sensitivity 77%. 
The sensitivity for isolated subsegmental, segmental and 
central/lobar PE was 40%, 84% and 100%, respectively. 
Ce-MRA demonstrated emboli in two patients with a 
normal angiogram, i.e. the specificity was 98%. 

In a more recent study, Blum et al. (2005) exam- 
ined 89 patients with suspected PE using coronal, axial 
and sagittal orientated ce-MRA. The images were in- 
terpreted independently by two teams of radiologists. 
Different to the previous studies, a heterogeneous com- 
bination of clinical probability, D-dimer testing, spiral 
CT, compression venous ultrasound and pulmonary 
DSA served as the gold standard in this study. In ad- 
dition the study cohort had a much higher prevalence 
of PE (i.e. 71%). Depending on the team of readers the 



sensitivity and specificity of ce-MRA ranged between 
31% and 71% and 85% and 92%, respectively. The lower 
accuracy in this study can partially be explained by the 
low spatial resolution of MRA, using a section thickness 
between 3.4 and 4.2 mm. 

In a another study performed on 48 patients with 
suspected PE, Pleszewski et al. (2006) reported a sen- 
sitivity and specificity of 82% and 100%, respectively. 
Similarly to the study by Blum et al. (2005), a combi- 
nation of different imaging methods served as the gold 
standard in this study. 

In the most recently published study by Kluge 
et al. (2006), pulmonary ce-MRA was performed in 62 
patients with suspected PE. Using parallel imaging their 
MRA technique achieved a substantially higher spatial 
resolution (0.7 x 1.2 x 1.5 mm) than the previous 
studies in a short acquisition time of 15 s. With this 
technique a sensitivity of 81% and specificity of 100% 
was achieved with pulmonary ce-MRA when compared 
to 16-slice CTA. 

Time-resolved ce-MRA has also been evaluated 
for the assessment of patients with suspected PE. In a 
feasibility study, Goyen et al. (2001) examined eight 
dyspneic patients with known or suspected PE using 
a time-resolved ce-MRA with a scan time of less than 
4 s. Pulmonary ce-MRA allowed the assessment of the 
pulmonary arterial tree up to a subsegmental level, and 
identified PE in all four subsequently confirmed cases. 
All patients could hold their breath for at least 8 s, dur- 
ing which time a dataset with an angiogram of the pul- 
monary arteries could be obtained. In a study by Ohno 
et al. (2004), the diagnostic accuracy of time-resolved 
ce-MRA with parallel imaging (SENSE) was compared 
with CTA and ventilation-perfusion scintigraphy (VQ 
scan) in 48 patients with suspected PE. Conventional 
pulmonary DSA served as the gold standard. In this 
study time-resolved MRA had a higher sensitivity (92% 
vs 83% (CTA) and 67% (VQ scan)) and specificity (94% 
vs 94% (CTA) and 78% (VQ scan)) for the detection of 
PE than CTA and VQ scan. 

In a more recent study by Ersoy et al. (2007), the 
efficiency of time -resolved ce-MRA was evaluated in 27 
patients with clinically suspected pulmonary embolism 
and contraindication to iodinated contrast agents. Us- 
ing ce-MRA as a screening test a confident exclusion or 
inclusion of pulmonary embolism was possible in 96% 
of patients. 

Based on the promising results of those studies, the 
large multicenter trial PIOPED III trial was initiated in 
2006 to assess the accuracy of ce-MRA in patients with 
suspected pulmonary embolism. Depending on the re- 
sults of this study, MRA might be considered as a first- 
line imaging test for the exclusion of PE in the future. 
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Introduction 

Perfusion is the blood flow of an organ at the capillary 
level, i.e. it is the amount of arterial blood delivered to 
a tissue in a certain time period. The unit of perfusion 
is mL min -1 100 g" 1 or, more commonly in lung perfu- 
sion imaging, mL min -1 100 mL -1 . Perfusion is closely 
related to the supply of organs and moreover to the 
function of the organ. It is altered in various diseases 
of the lung such as pulmonary hypertension or cystic 
fibrosis. Therefore, perfusion is an important functional 
parameter in diagnosis of pulmonary diseases. 

The standard clinical tool for the assessment of perfu- 
sion is still 99m-Technicium labelled macroaggregated 
albumin scintigraphy despite the low spatial resolution 
and the lack of morphological information. However, 
MRI is a promising alternative providing morphologi- 
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KEY POINTS 



Pulmonary perfusion is the blood flow of an or- 
gan at the capillary level. It is closely related to the 
blood supply of the lung and moreover to lung 
function. It is altered in various diseases of the lung 
such as pulmonary hypertension or cystic fibrosis, 
etc. Therefore, perfusion is an important functional 
parameter in the diagnosis of pulmonary diseases 
and quantitative values are urgently required to 
study physiology and pathophysiology of various 
lung diseases as well as monitor treatment response 
and identify differences under therapy. Pulmo- 
nary perfusion MRI is based on three-dimensional 
time-resolved contrast-enhanced Tl -weighted se- 
quences. The rapid acquisition of perfusion images 
facilitates the tracking of the first pass of a contrast 
agent through the lung parenchyma. Based on this 
information, it is possible to quantify perfusion in 
the entire lung using the indicator dilution theory. 
Quantification is challenging due to potential ex- 
travasation of the contrast agent during the first 
pass as well as the non-linear relationship between 
the concentration of the contrast agent and sig- 
nal intensity. Some of these challenges can be ad- 
dressed by a dual bolus technique. 



cal and functional information. First experiments in 
rats using a spin echo sequence after the administra- 
tion of contrast agent had already shown the potential 
of pulmonary perfusion MRI in an experimental set up 
(Berthezene et al. 1992). As a result of the proceed- 
ing development of MR scanners, Hatabu et al. (1996) 
were able to visualize the signal enhancement during 
the first pass of a contrast agent through the lungs in 
humans by utilizing a two-dimensional Tl -weighted 
gradient echo sequence with short TE. Recently, investi- 
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gation of three-dimensional (3D) pulmonary perfusion 
by time-resolved contrast-enhanced MRI with accept- 
able temporal resolution and volume coverage has been 
proposed (Fink et al. 2004a, 2005a; Nikolaou et al. 
2004; OHNoetal. 2004). 

The rapid acquisition of perfusion images facili- 
tates the tracking of the first pass of a contrast agent 
through the lung parenchyma. Based on this informa- 
tion, it is possible to quantify perfusion in 2D (Hatabu 
et al. 1999; Levin et al. 2001) or, more recently, in 3D 
(Fink et al. 2004b; Nikolaou et al. 2004; Ohno et al. 
2004). The latter allows for the investigation of perfu- 
sion changes in global lung diseases affecting the entire 
lung. Quantitative values may be particularly useful in 
studying physiology and pathophysiology as well as in 
follow-up studies to monitor treatment response and 
identify differences under therapy. 



the variable proton density is the perfusion dependence 
on the respiratory level. Perfusion is altered, particu- 
larly when quantified, with different breath hold levels. 
That is the tissue density and thus the proton density is 
higher in an expiratory breath hold than in an inspira- 
tory breath hold (Fink et al. 2005). This has to be con- 
sidered in the interpretation of lung perfusion images. 

Beside these challenges, the high blood flow, lead- 
ing to short transit times and possible inflow artefacts 
has to be taken into account. Thus, fast acquisition 
techniques are required in contrast-enhanced perfu- 
sion MRI to measure the contrast agent bolus properly 
when the blood flow is high. Furthermore, artefacts due 
to cardiac motion might alter perfusion information in 
the region of the heart since usually no ECG triggering 
is used for lung perfusion MRI to achieve the high tem- 
poral resolution. 



Technical Challenges 



Measurement Techniques 



MRI of the lung is challenging in general, but to obtain 
functional information is even more complex than to 
perform mere morphological images. Reasons are on 
the one hand the large gas-filled space with only a small 
percentage of parenchyma and on the other hand respi- 
ratory and cardiac motion. 

Conventional MRI is based on the measurement of 
the macroscopic magnetization of protons within the 
measurement volume. Air is virtually invisible to MRI 
but represents the majority of the lung volume. The per- 
centage of parenchyma with a proton density sufficient 
to be detected by MRI is rather small (ca. 20%-30%). 
Additionally, the large area of air-tissue-interfaces - 
the lung surface has an area of approximately 140 m 2 
(Thews 1997) - leads to strong susceptibility gradients 
which make the use of fast imaging techniques like 
echo planar imaging virtually impossible. Furthermore, 
the T2* of the lung is very short, only in the range of 
1.0-2.5 ms in lung parenchyma (Pracht et al. 2005). 
The signal-to-noise ratio (SNR) is therefore low com- 
pared to other organs due to the low proton density and 
the rapid decay of the measured signal. Furthermore, the 
proton density varies due to respiratory motion leading 
to a variation of the MR signal. The most common solu- 
tion for these problems is to acquire the perfusion im- 
ages using pulse sequences with short echo times and 
within one breath hold. The perfusion measurement is 
then limited to a maximum 20-25 s depending on the 
constitution of the subject but is often lower in patients. 
Another consequence of the MR signal dependency of 



Basically two measurement techniques are used in pul- 
monary perfusion MRI: The first, and more common 
technique, uses contrast media to measure the regional 
blood flow at the capillary level. It is relatively easy to 
use and provides a good contrast-to-noise ratio but can- 
not be repeated arbitrarily. The second technique, arte- 
rial spin labelling (ASL), utilizes the water protons of the 
blood as an endogenous, freely diffusible tracer by label- 
ling the spins with dedicated radio-frequency pulses. 
The evolution of the spin labelling is then measured in 
the lung parenchyma to assess information about perfu- 
sion (Mai and Berr 1999). 



3.3.1 

Contrast-enhanced Perfusion Imaging 

Dynamic contrast-enhanced MRI (DCE-MRI) is based 
on the tracking of the signal change due to the first pas- 
sage of a contrast media bolus through the lung capil- 
laries (Fig. 3.1). It is therefore referred to as the "bolus 
tracking" or "first pass" technique. Originally the bolus 
tracking technique was introduced for perfusion imag- 
ing of the brain (Rosen et al. 1990) and later adapted for 
the lungs by Hatabu et al. (1996). In pulmonary perfu- 
sion MRI, the tracking is performed using dynamic Tl- 
weighted pulse sequences after the intravenous injec- 
tion of a contrast agent with a high flow rate between 3 
and 5 mL/s to achieve a compact and high bolus profile. 
A high temporal resolution of usually < 1.5 s is required 
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Fig. 3.1. First pass of a contrast agent through the central slice of a patient lung. The image acquisition was performed with 
a time-resolved 3D gradient echo pulse sequences with echo-sharing and parallel imaging. (Images courtesy of Dr. Christian 
Hintze, DKFZ, Heidelberg) 
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Table 3.1. Example for a clinical time-resolved 3D perfusion pulse sequence 



Name 






Time-resolved echo-shared angiographic technique 


Acronym 






TREAT 


Orientation 






Coronal 


No. of slices 






32 


No. of acquisitions 






20 


Flip angle/echo time/repetition time 




4070.64 ms/ 1.64 ms 


Acquisition time 






1.5 s 


Parallel imaging technique 


(acceleration 


factor) 


GRAPPA (2) 


Respiratory phase 






Inspiration 



for an adequate acquisition of the bolus due to the high 
injection rates and the short contrast agent transit times 
through the lungs of approximately of 3-4 s (Fishman 
1963). 

Typical pulse sequences used for DCE-MRI in the 
lungs are fast gradient echo techniques like fast low 
angle shot (FLASH) or turbo FLASH. Both should be 
applied with short echo times below 1 ms due to the low 
T2* of 1.0-2.5 ms in lung parenchyma (Pracht et al. 
2005) to achieve a sufficient contrast-to-noise ratio. 
Nowadays, most lung DCE-MRI studies are performed 
using 3D techniques to acquire images of the entire 
thorax since the most pulmonary diseases are affecting 
the whole lung. Very short repetition times are there- 
fore used to track the short signal change induced by 
the contrast agent. Present parallel imaging techniques 
like SENSE (Pruessmann et al. 1999) or GRAPPA 
(Griswold et al. 2002) allow for a reduction of k-space 
lines and thus for shorter acquisition times per image. 
These techniques can also be used to improve the spatial 
resolution with the same acquisition time. Furthermore, 
the amount of k-space data can be reduced by acquir- 
ing only the central part of the k-space, i.e. the part 
that determines the image contrast, with high temporal 
resolution and updating the outer parts at a lower rate. 
This "view- sharing" technique was originally developed 
for contrast-enhanced MR angiography by Korosec 
et al. (1996). A combination of both, parallel imaging 
and view- sharing, showed recently superior spatial and 
image quality compared to only parallel imaging at the 
same temporal resolution (Fink et al. 2005b, c). An ex- 
ample for a clinical 3D perfusion sequence is given in 
Table 3.1. However, the use of 3D sequences is done on 
the cost of a lower temporal resolution compared to 2D 
techniques with acquisition times in the range of milli- 



seconds. The temporal resolution is particularly impor- 
tant for perfusion quantification, where an exact track- 
ing of the bolus is crucial. 



3.3.2 

Arterial Spin Labeling 

Beside the contrast-enhanced perfusion MRI, ASL is 
the second method for the assessment of lung perfusion 
with MRI. In contrast to DCE-MRI, no contrast agent 
is necessary but the water protons of the blood are la- 
beled with dedicated inversion pulses and used as an 
endogenous tracer. Usually, a control and a tag image 
are acquired and then subtracted to suppress the static 
background. The labeling can either be done in a con- 
tinuous or pulsed mode, where the pulsed techniques 
allow for the quantification of perfusion mostly based 
on the general kinetic model of Buxton et al. (1998). 
Several acquisitions are often required in ASL to achieve 
a sufficiently high SNR which makes it particularly diffi- 
cult in lung perfusion imaging. Initial experiments were 
successfully performed by Mai and Berr (1999) and 
more recently, ASL techniques were used to determine 
the heterogeneity of lung perfusion (Hopkins et al. 
2005) and to quantify perfusion imaging (Bolar et al. 
2006). 

However, ASL is usually not used in routine lung di- 
agnostics for several reasons. A major drawback is the 
subtraction of two images which makes the technique 
particularly sensitive to respiratory and cardiac motion 
(Mai and Berr 1999), especially when several acquisi- 
tions are necessary. ECG and cardiac triggering can re- 
duce these artefacts but without omitting them totally. 
New single-shot techniques do not require separate con- 
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trol images and might overcome these limitations also 
allowing for quantitative measurements within a single 
breath hold (Bolar et al. 2006; Pracht et al. 2005). 



Image Processing 

The investigation of contrast-enhanced perfusion data 
sets requires usually post-processing of the acquired 
images to achieve either a better visualisation of perfu- 
sion or obtain quantitative perfusion parameters. 

The idea of most visualisation methods is to con- 
dense the information of the time-resolved 3D images. 
The reading of several hundred images is very time 
consuming and requires an experienced radiologist. 
Additionally, the visual presentation of the diagnostic 
findings to non-radiologists is difficult. Therefore, per- 
fusion-weighted subtraction images can be generated 
on most MR scanners (Fig. 3.2). A pre-contrast image 
is subtracted from a dedicated contrast-enhanced im- 
age, typically with the one exhibiting maximum signal 
enhancement. The choice of the images is often done 




Fig. 3.2. Perfusion-weighted subtraction image of a patient 
with chronic obstructive pulmonary disease. The image is 
generated by subtracting a pre-contrast image from the image 
with the signal maximum and shows multiple patchy perfusion 
image 



by choosing the eligible image frames from signal- 
time-curves generated from a drawn region-of-interest 
(ROI) (Fink et al. 2004a). However, this approach has 
some drawbacks. Usually an additional investigation of 
a selection of original images has to be carried out. Fur- 
thermore, the choice of the images to be processed is 
observer-dependent and not always reproducible, par- 
ticularly when a ROI analysis is performed. A subopti- 
mal selection might mask regions of impaired perfusion 
in the subtraction images. Moreover, the temporal infor- 
mation is lost, although this is of utmost importance in 
diseases with inhomogeneous and delayed perfusion. 

A possible solution is to compute qualitative and/or 
quantitative parameters. Common practise is to gener- 
ate parameter images where qualitative parameters are 
displayed as colour-coded overlays (Fig. 3.3). These pa- 
rameter images can be generated automatically on the 
MR scanners of most manufacturers. Usually the fol- 
lowing parameters are calculated: the maximum sig- 
nal enhancement or peak, the bolus arrival time and 
the time-to-peak. Some recent scanner software has 
also the option to compute quantitative parameters (cf. 
Sect. 3.4.1). The advantage compared to subtraction im- 
ages is the consideration of the temporal information, 
e.g. delayed perfusion cannot be masked by the choice 
of a suboptimal ROI. 

Nowadays, lung perfusion MRI is nearly exclusively 
done in 3D. Nevertheless, the reading of the generated 
colour-coded perfusion parameter maps is based on the 
2D presentation hampering the visualization of perfu- 
sion defects in all three dimensions. But a 3D visualiza- 
tion would be desirable to fully exploit the volumetric 
information of perfusion MRI data sets. Recently, the 
implementation of an algorithm for a 3D visualiza- 
tion of functional perfusion parameters for better ana- 
tomic orientation and an improved representation of 
perfusion changes was presented (kuder et al. 2007). 
The perfusion parameters calculated from 3D MR data 
sets were visualized in different cutting planes using a 
specially adapted interpolation algorithm as well as 3D 
volume rendering (Fig. 3.4). This might be helpful for 
the investigation of the exact localization and dimen- 
sions of abnormal perfusion by using the additional two 
cutting planes, e.g. for the planning of surgical therapy 
of lung emphysema or tumors. Furthermore, 3D para- 
metric perfusion visualization might be used for radia- 
tion therapy planning to limit radiation dose to healthy 
perfused lung. 

Beside the visual and qualitative analysis of the per- 
fusion images, quantitative analysis is desirable for the 
estimation of regional lung function or in follow-up ex- 
amination under therapy. 
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Fig. 3.3. Colour-coded parameter maps of a patient. Maximum signal enhancement or peak map on the left; Time-to-peak map 
on the right 




Fig. 3.4. 3D volume rendering of the regional pulmonary blood flow in a patient with acute pulmonary embolism (arrows) 
(From Kuder et al. 2007 with permission) 
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3.4.1 

Perfusion Quantification 

The pioneering work in the area of lung perfusion 
quantification was done by the group of Rob Edelman 
(Chen et al. 1999; Hatabu et al. 1999; Stock et al. 
1999). Levin et al. (2001) presented an approach to lung 
perfusion quantification using the so-called "gamma- 
variate" function on a pixel-by-pixel basis in healthy 
volunteers. In more recent studies, quantification of 
pulmonary perfusion is mostly done based on the in- 
dicator dilution theory (Meier and Zierler 1954) 
modified for the use with MRI (Fink et al. 2004b, 2005; 
Ohno et al. 2004, 2007). Initially, an arterial input func- 
tion (AIF) is defined in the feeding artery, i.e. the large 
pulmonary artery in case of the lung. The quantifica- 
tion is either done for the mean signal-time course of 
a defined region or for each pixel of the lung. Assuming 
a linear relationship between the measured MR signal 
and the contrast agent concentration, the signal can be 
converted to a relative concentration by 



C(t) = k 



S(t)-Sp 

So 



(3.1) 



where S(t) is the signal-time course, S the mean signal 
before the arrival of contrast agent (the baseline) and k 
an unknown constant depending of the specific tissue 
characteristics, parameters of the pulse sequence, the 
contrast agent and the inspiration level. The inspiration 
level affects the density of the lung parenchyma and 
must therefore be constant during the measurement. 

If the amount of contrast agent extravasating dur- 
ing the first pass through the lung is negligible, the 
measurement volume can be described by the convolu- 
tion integral 



C(t)=F[C a (t)®R(t)] 



F f C a (t) ■ R(t - r)dr , 

o 



(3.2) 



where (8) denotes the convolution. C a (t) is the concen- 
tration-time course of the AIF, F the regional blood 
flow and R the amount of contrast agent remaining in 
the measurement volume at time point t (Fig. 3.5). The 
pulmonary blood flow is therefore the initial height of 
R(t ), or the maximum ofR(t) in case of a delay between 
C a (t) and C(t) and can be assessed by the deconvolution 
of the measured C a (t) and C(t). 

The regional blood volume may generally be calcu- 
lated by 



PBV = 



f C(t)dt 

_o 

oo 

fC a (t)dt 



(3.3) 



However, the difference in the hematocrit of the large 
pulmonary artery and the lung parenchyma should be 
corrected by the additional factor c H = (l-h G )/(l-h c ) 
(Brix et al. 1997), where h G is the hematocrit of the ar- 
tery and h c of the capillaries. 

According to the central volume theorem (Zierler 
1962), the mean transit time (MTT), the mean time a 
tracer particle needs to pass through the measurement 
volume, is 



MTT = 



rBV 



(3.4) 



It can also be calculated by the area height relation of 
the residual function 



MTT-- 



f R(t)dt 



(3.5) 




C(t) A 



t 

Fig. 3.5. Schematic representation of Eq. (3.2). The arterial input function C a (t) is measured in the large pulmonary artery, the 
tissue response C(t) in a region -of- interest in the lung parenchyma or for each pixel in the lungs. The residual function R(t) can 
be determined by the deconvolution of C*(t) and C(t) 
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A problem in quantification arises from Eq. (3.2) or ac- 
tually from the discrete form of Eq. (3.2) 



C(t)=FAtT.C a (t i )-R(t j -t i ) 



(3.6) 



as used in MRI. The solution starts to oscillate, i.e. gen- 
erate meaningless results, when solved directly by, e.g., 
Fourier transformation in the presence of noise. There- 
fore, regular ization tools are needed for the calculation 
of R(t). A simple tool is the truncated singular value de- 
composition (tSVD), which provides stable solution in 
the presence of noise as shown in brain perfusion MRI 
(0stergaard et al. 1996). Equation (3.6) can be writ- 
ten in matrix notation: 



Ax = b 
with 



(3.7) 



f C a {t y ) - 

C a (t 2 ) CM - 

c a (t n ) C a (t n _i) - CM. 



x = FAt 



R(t 2 ) 



C(t 2 ) 



(3.8) 



Matrix A can be simplified as (Hansen 1987) 
A= USV T = Y.UiOiv] 



(3.9) 



with U = (ui, . . . , w J> V = (Vi, . . ., v J and S = diag(o x , ...,o n ). 
S has non-negative elements in decreasing order: 



01 > A > o n > . 



(3.10) 



Values of a close to zero are probably caused by noise 
and generate the oscillations. The "noise problem" is now 
analyzed and can be resolved by setting an adequate 
threshold to truncate the "noisy" a values. All a below 
this threshold are simply set to zero and Eq. (3.6) can be 
solved. tSVD was successfully used in several lung per- 
fusion studies (Fink et al. 2004, 2005; Ohno et al. 2004). 
However, the application of a fixed threshold with very 
variable noise levels and tissue characteristics as in lung 
perfusion MRI will lead to a suboptimal regularization 
of Eq. (3.6). Liu et al. (1999) therefore introduced an 
adaptive threshold for cerebral perfusion measurements 
to handle this problem but extensive simulations have 
to done to compute the optimal threshold. Alternatives 



like the Tikhonov regularization with the L- curve cri- 
terion are proposed for perfusion MRI (Calamante 
et al. 2003; Sourbron et al. 2004) where the optimal 
level of regularization is estimated automatically. 

The administration of contrast agents is mostly 
done at doses up to 0.1 mmol/kg body weight to achieve 
a sufficient contrast-to-noise ration (CNR) for diagno- 
sis of perfusion defects. Similar to quantitative perfu- 
sion MRI in other body regions, e.g. cardiac perfusion 
MRI, linearity between local tissue contrast agent con- 
centrations and the MR signal intensity, especially in 
the central pulmonary arteries, is a prerequisite. But the 
most commonly used pulse sequence FLASH has only 
a limited range of linearity for low contrast agent con- 
centration, whereas signal saturation occurs for higher 
concentrations (Fig. 3.6). 

The construction of the AIF is also described in 
Fig. 3.7. The new AIF can then be used to Nikolaou 
et al. (2004) found a dose of 0.05 mmol/kg body weight 
as appropriate for their lung perfusion protocol. In an- 
other study, Ohno et al. (2007) investigated bolus injec- 
tion protocols with constant bolus volume of 5 mL but 
different contrast agent concentrations in dependence 
of the subjects body weight and compared the perfu- 
sion parameters to perfusion single photon emission 
computed tomography (SPECT) measurements. Based 
on their results, a concentration of 0.3 mmol/mL Gd- 
DTPA was recommended for patients with a body 
weight <70 kg, and a concentration of 0.5 mmol/mL for 
patients with >70 kg body weight. 

However, the total dose of contrast agent may not 
be reduced arbitrarily because of the resulting low CNR 
of the lung parenchyma, particularly in low perfused 
regions. As a consequence, the AIF signal is saturated 




15 20 25 

[Gd-DTPA] (mM) 

Fig. 3.6. Simulated normalized signal of a 3D FLASH se- 
quence for different contrast agent concentrations. The non- 
linear behaviour for higher concentrations can be clearly seen 
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Fig. 3.7a-d. Calculation of the arterial input function for the 
dual bolus approach, a The theoretical input according to the 
second "clinical" bolus (red) and the measured low dose bolus. 
b In the first step, the prebolus volume is shifted according to 
its injection rate and added to the original prebolus. This re- 



sults in the new input function (blue), c In the second step, the 
prebolus volume is again shifted and added to the intermediate 
result of step 1. d The procedure is repeated until the volume 
of the predicted volume of the second bolus (red) is reached 
(blue) 



due to the high contrast agent concentration in pul- 
monary artery leading to an overestimation of perfu- 
sion parameters. Signal saturation might even occur in 
well-perfused healthy tissue (Risse et al. 2006) for high 
doses. Therefore, a dual bolus approach to Tl -weighted 
perfusion MRI was introduced, first to cardiac imaging 
(Christian et al. 2004; Kostler et al. 2004), and more 
recently, to lung perfusion MRI (Risse et al. 2006). In 
addition to the "normal" contrast agent bolus, a prebolus 
with a low dose to achieve linearity is administered be- 
fore the normal clinical dose. This prebolus is only used 
for the determination of the AIF in the large pulmonary 
artery, whereas the dataset acquired during the admin- 
istration of the higher "clinical" dose yields the tissue 
signal. Admittedly, the prebolus cannot be used directly 
since according to Eq. (3.5) the dose differences would 
appear as an underestimation of the AIF signal, i.e. the 
calculation of perfusion parameters would yield too low 
values. Thus, assuming a linear and time -invariant, sys- 
tem, the AIF bolus is calculated from the prebolus ac- 
cording to the dose of the second "high dose" bolus. In 
brief, the new AIF C a (t) is constructed by adding up the 
prebolus volume V p until the volume of the correspond- 
ing second bolus V is reached. To take into account not 
only the volumes but also the kinetics, the prebolus is 
shifted by its injection duration r during the construc- 
tion process (Kostler et al. 2004): 



C«(t) = 



v/v p 
£ C p (t + qr) 



(3.H) 



The construction of the AIF is also described in Fig. 3.7. 
The new AIF can then be used to calculate the regional 
perfusion parameters without the influence of satura- 
tion effects in the arterial input leading to more reliable 
perfusion quantification even when high clinical doses 
are needed. However, the application of a dual bolus 
technique is more complicated and a temporal gap be- 



tween the first and second bolus is necessary to allow 
for a wash-out of the contrast agent before the second 
bolus administration. Furthermore, keeping to the lin- 
ear relation between contrast agent concentration and 
MR signal for both measurements is still crucial. 
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KEY POINTS 



Gas imaging has opened the new field of direct 
imaging of pulmonary ventilation by MRI. The 
use of hyperpolarised 3 He gas for MRI of the lung 
has been pioneered by a number of groups world- 
wide. Due to the enormous progress in the fields 
of hyperpolarisation technology, administration of 
hyperpolarised 3 He, MR hardware, and MR pulse 
sequences significant progress has been made and 
the translation into the clinical arena has been ac- 
complished. This chapter gives an overview of the 
technical methods for HP 3 He MRI for human 
lung imaging, focusing on gas polarisation meth- 
ods, background physics, MRI hardware consider- 
ations, MRI pulse sequence considerations, safety 
considerations for imaging inhaled 3 He, and pulse 
sequence design for probing lung physiology and 
anatomy. Where possible the methods will be 
highlighted with reference to the literature and il- 
lustrated with clinical examples of images from the 
author's home group. For further discussion on the 
growing clinical applications the reader is referred 
to Chaps. 8, 9 and 10. 
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4.1.1 
Introduction 



J. M. Wild, PhD, MInstP 

Unit of Academic Radiology, University of Sheffield, Floor C, 

Royal Hallamshire Hospital, Glossop Road, Sheffield S10 2JF, 

UK 



It is now more than 12 years since the first images of 
hyperpolarised (HP) 3 -helium ( 3 He) gas in human 
lungs were demonstrated (Middleton et al. 1995; 
Ebert et al. 1996; MacFall et al. 1996). In that time 
gas polarisation techniques and MRI methodology have 
developed such that HP gas MRI is now providing un- 
surpassed images of gas ventilation and simultaneous 
sensitivity to various functional aspects of lung physiol- 
ogy in a wide range of human lung diseases. Despite the 
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obvious potential for the images to shed new light on 
lung function, the technique has still to find general ac- 
ceptance in the clinical mainstream for a variety of rea- 
sons. These include; advances in other techniques such 
as CT that are already well established and accepted in 
the chest radiology community, limited accessibility to 
the necessary technology for polarising and imaging 
3 He and perhaps most importantly, the clear cut identi- 
fication of clinical applications that will positively ben- 
efit from the technology 

Several comprehensive reviews have been written to 
date on both the physics of gas polarisation and non- 
clinical applications of HP gas NMR (Goodson 2002; 
Oros and Shah 2004) and the growing number of ap- 
plications in biomedical science and clinical radiology 
(Kauczor and Mainz Helium 2002; Moller et al. 
2002; van Beek et al. 2004; Fain et al. 2007). It is fair 
to say that 3 He has made more impact to date than 129 Xe 
in human lung imaging, with numerous clinical re- 
search exams having been performed at over ten sites 
worldwide using whole body MRI scanners in a wide 
range of chest diseases including asthma (Altes et al. 
2001; Samee et al. 2003), cystic fibrosis (Koumellis 
et al. 2005; Donnelly et al. 1999), emphysema/COPD 
(Swift et al. 2005; Kauczor et al. 1996; Saam et al. 
2000; Salerno et al. 2002; Stavngaard et al. 2005), 
lung transplant (Gast et al. 2003) and lung cancer 
(Ireland et al. 2007). Recent developments in 129 Xe 
polarisation levels have however facilitated high quality 
human 129 Xe images in recent years (see Chap. 4.2). 



4.1.2 

Physical, Chemical and Medical 

Properties of 3 He and Gas Polarisation 

3 He gas is a monatomic radio-stable isotope of the inert 
gas helium, it has a very low natural abundance on earth 
(0.000137% of natural abundant helium) with most of 
the 3 He being derived from beta decay of the tritium nu- 
cleus in the nuclear industry. From an MRI perspective, 
the spin 1/2 of the 3 He atom coupled with its relatively 
high gyromagnetic ratio (y3He = 32.3 MHz/T) make it 
very sensitive to NMR techniques. 3 He is a highly dif- 
fusive gas due to its low atomic weight, having a self dif- 
fusion coefficient of 2 cm 2 /s, which is reduced to around 
0.9 cm 2 /s in air. The diffusion coefficient can be mea- 
sured with NMR, and the measured 3 He apparent diffu- 
sion coefficient (ADC) has a spatial dependence when 
introduced in to a porous medium whose walls inhibit 
free diffusion. This feature can be used to probe alveo- 
lar length scales in the lungs and is discussed later. As 
an inert gas, the NMR Tl relaxation time of 3 He is po- 



tentially very long and can approach the dipole-dipole 
limit of days providing the gas is stored in a magneti- 
cally homogeneous environment. 3 He can be imaged in 
the gaseous state using conventional Boltzmann ther- 
mal polarisation of the Zeeman effect, however the low 
spin density of the gaseous state makes the signal too 
weak for in-vivo MRI. The polarisation can however be 
increased by using an alternative mechanism. 



4.1.3 

Polarising the 3 He Nuclear Spin 

by Optical Pumping - Transfer 

of Angular Momentum from Photons 

Laser optical pumping (OP) with circularly polarised 
light at selective wavelengths can be used to drive the 
electronic spins of certain atoms in to non-Boltzmann 
distributions. The process of optical pumping of elec- 
tronic spins was first discovered over 50 years ago (Kas- 
tler 1950) and since then it has been used to transfer 
electronic spin polarisation to nuclear spin systems by 
the process of spin exchange (Walker and Happer 
1997). In optical pumping, the laser photons are wave- 
length matched to a chosen electronic orbital transi- 
tion of the atomic system. For noble gas polarisation 
this system is generally the orbital energy levels of an 
alkali metal atom such as rubidium or the electron lev- 
els of meta-stable atoms of 3 He. The photons are circu- 
larly polarised with respect to the direction of an ex- 
ternal B field using a A/4 optical polariser. The B field 
produces a Zeeman splitting in these orbital energies, 
and subject to the angular momentum selection rules 
for transitions between the available orbital levels and 
their Zeeman sub-levels, a net exchange of angular mo- 
mentum between the spin polarised photons and the 
electronic system can be made, resulting in a non-Boltz- 
mann occupancy of selected electronic Zeeman states. 
Having established a hyper-populated electron Zeeman 
sub-level, spin polarisation is then transferred to the nu- 
clear Zeeman system of the spin 1/2 noble gas atom of 
interest, e.g. 3 He or 129 Xe; the process is thus called spin 
exchange optical pumping, (SEOP). The mechanism of 
spin polarisation exchange is the Fermi contact hyper- 
fine interaction that relies on an overlap of the 2 S m elec- 
tron wave function with the noble gas nucleus. This 
interaction takes place in the case of 3 He SEOP during 
binary collisions between 3 He and alkali metal atoms 
in the vapour state. In the case of 129 Xe SEOP the spin 
polarisation exchange process may involve the tempo- 
rary formation of an intermediate van der Waal's mol- 
ecule with N 2 gas in the optical pumping cell. The rate 
of spin polarisation transfer is influenced by a number 
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of physical factors inside the optical pumping cell which 
include gas pressure, vapour pressure of the alkali metal, 
incident photon flux, gas temperature and propensity 
for formation of intermediate molecules. A fundamen- 
tal limiting factor is the electron-nuclear cross section, 
i.e. the probability of finding the electron wave function 
at the nucleus of interest, a which is larger for 129 Xe-Rb 
than for 3 He-Rb explaining the generally longer SEOP 
spin-up times for 3 He. The process of SEOP was pio- 
neered and refined by the Happer group at Princeton 
(Walker and Happer 1997), and led to the design of a 
prototype commercial SEOP polariser with the forma- 
tion of the MITI company. The patents for this design 
were subsequently bought by Nycomed- Amersham and 
then GE and despite phase II clinical trials, the device 
was never properly commercialised. At the time of writ- 
ing there exists some ambiguity over future routes to 
commercialisation of SEOP for 3 He MRI. From a prac- 
tical perspective this polariser uses a 60-W FAP laser 
at 795 nm and is capable of polarising approximately 
1 L of 3 He to a polarisation of 25%-40% in a spin-up 
period of around 20 h. This provides sufficient HP 3 He 
gas to perform 3-4 in vivo imaging exams and hence 
large throughput clinical research studies really require 
a system that provides gas at a higher volume polari- 
sation rate. Higher power lasers with narrowed optics 
(Zhu et al. 2005) provide more effective deposition of 
the polarised photon beam energy to the electron spin 
transition and are now routinely enabling polarisation 
levels of 3 He with SEOP - see Fig. 4.1.1a. 

3 He can also be polarised by the alternative method 
of meta-stable spin exchange optical pumping (MEOP) 



(Colegrove et al. 1963) whereby the paired electrons 
in the ground state 1% need exciting in to the meta-sta- 
ble 2 3 Si state by means of a weak UV irradiation. There- 
after optical pumping of the 2 3 Si^2 3 P transition can take 
place with circularly polarised photons at a = 1083 nm 
and nuclear spin polarisation is built up through colli- 
sions of the meta-stable 3 He atoms in the low pressure 
optical pumping cell. The process of meta-stable spin ex- 
change is faster but because of the low pressure regime 
the volume of polarised 3 He gas needs to be compressed 
and extracted from the optical pumping cell for in vivo 
use. It is fair to say that the MEOP process is more de- 
manding than SEOP in terms of reliable extraction of 
large volumes of polarised gas for in vivo MRI; however 
much of the physics and engineering involved has been 
refined by the Mainz Physics group who have been ac- 
tive in the area for many years (Schmiedeskamp et al. 
2003a). The Mainz metastable polariser and compres- 
sor (Fig. 4.1.1b) was originally built for production of 
HP 3 He for neutron spin filter work; however the group 
was already polarising gas for in vivo MRI more than 10 
years ago (Ebert et al. 1996). 

The potentially very long Tl of 3 He (days) facili- 
tates the transport of HP 3 He. Wild et al. (2002b) and 
the Mainz Physics group have subsequently polarised 
and delivered gas to more than ten sites worldwide by 
road and air and have been extremely supportive of the 
development of clinical applications of 3 He. By com- 
parison these Tls are much greater than the half-life of 
FDG used in PET (110 min), a technique that is per- 
formed routinely in hospitals without access to on-site 
cyclotrons. 




"Z=**^ b 



Fig. 4.1.1. a SEOP polariser in Sheffield with 100 W external cavity diode laser at 795 nm. b The Mainz Physics metastable 3 He 
polariser and compressor, image courtesy of Professor Werner Heil and Professor Ernst Otten 
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4.1.4 

Storage, Transfer and NMR of HP Species 

Having polarised the 3 He nucleus, it is vital that the po- 
larisation is preserved in transit from the polariser to the 
NMR magnet. This journey may involve taking the po- 
larised nuclear system from one B to another through 
inhomogeneous field gradients. In noble gas OP, the po- 
larising fields are typically very weak (B ~2mT) whereas 
the NMR system may have a B of several T. Therefore 
precautions need to be taken to prevent a non-adiabatic 
field change, as such the Zeeman polarisation needs to 
be preserved in a holding B field (which can be weak; 
the earths field may suffice for short journeys) to ensure 
the sample is not taken through a zero field condition 
(field direction change). In the context of a hyperpo- 
larised nuclear Zeeman system ensemble, the adiabatic 
condition has the meaning that when an external factor 
such as the B is changed the population of the Zeeman 
levels remains unchanged such that no transitions are 
induced. 



4.1.5 
T1 Decay 

Having polarised a sample, the next challenge is stor- 
ing it and delivering it to the NMR system. The Tl of 
the sample depends strongly upon the physical environ- 
ment. For example pure 3 He gas has minimal spin-lat- 
tice interactions (Tl is virtually frequency independent) 
and in the limit has a Tl that represents the dipole-di- 
pole interaction and is extremely long (>700 hours at 
1 atm pressure). This opens up the possibility of trans- 
porting the polarised gas large distances from polari- 
sation source to NMR site. Brownian diffusion of HP 
gases in the presence of macroscopic B field gradients 
will reduce the Tl (Schearer and Walters 1965), as 
will microscopic field perturbations experienced during 
collisional contact of the gas with magnetic impurities 
in the walls of the storage cells (Schmiedeskamp et al. 
2003b). Furthermore, mixing with a paramagnetic gas 
such as oxygen will radically reduce the Tl (Saam et al. 
1995) (Tl 3 He in air -20 s), an effect that will later be 
discussed as a means of probing lung oxygenation. 



4.1.6 

In Vivo Administration of 3 He 



for inhalation either by manual means from a sealed 
plastic bag or by an automated respirator device. The 
volume of 3 He used directly effects the signal to noise of 
the acquired images, with gas polarised to 30%, 300 ml 
of 3 He typically provides sufficient signal to noise for a 
complete imaging sequence at 1.5 T. To put the raw ma- 
terial costs into perspective, this volume of 3 He currently 
would cost approximately 40 Euros. There are concerns 
over the longevity of world supplies of 3 He, since it has 
a negligible natural abundance, being derived as a by 
product of the nuclear industry. One possibility is to 
scavenge the exhaled gas, since helium is insoluble in 
the blood, 90% of the gas gets exhaled within about ten 
breaths (Fig. 4.1.2) making recycling a cheap and viable 
option. 

Another very important factor that should be con- 
sidered is patient safety during breath-hold imaging 
exams. In Sheffield all subjects have been imaged with 
full vital signs monitoring. The blood oxygen satura- 
tion levels tend to take a dip towards the end of a long 
breath-hold (20 s) whilst this can be pre-empted by pre- 
washing the lungs with a high concentration of oxygen 
in patients without signs of emphysema. This measure 
can however degrade the SNR in the images by vir- 
tue of the Tl shortening effect of oxygen (Deninger 
et al. 1999). In studies which compared the patients vi- 
tal signs when gas was delivered as an anoxic 1-L dose 
from a bag or as a bolus via the respirator device chased 
with room air, it was observed that the latter mode of 
delivery prevented the blood 2 saturation from falling 
(Woodhouse et al. 2006) - see Fig. 4.1.3. 



S M xy (n) = M (cos9) n - 1 sine exp(-t/T1 (p 02 )) 



rebreathing of exhaled gas 




20 40 60 80 100 
time (s) 



20 40 60 80 



Having polarised the 3 He, it is typically mixed with a 
larger volume of nitrogen and delivered to the subject 



Fig. 4.1.2. Signal depolarisation and washout time course of 
HP 3 He signal in the lungs of a healthy volunteer 
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Fig. 4.1.3. Summary of blood oxygenation from vital signs 
monitoring in subject groups scanned with 3 He in Sheffield 
over the last 7 years (Woodhouse et al. 2006) 



The pulse rate also starts to rise towards the end of 
the breath-hold exam, as might be expected, neverthe- 
less these effects are rapidly reversible. No lasting ad- 
verse effects have been found in the experience at Shef- 
field (in excess of 100 patients and 100 volunteers) and 
in similar experience published by the University of Vir- 
ginia only mild adverse events were reported in less than 
10% of the subjects group (De Lange et al. 2003). This 
is also in agreement with recently published data from 
the University of Washington (Lutey et al. 2008). From 
a regulatory perspective 3 He is now classed as an inves- 
tigational medicinal product in Europe and the USA. In 
Europe a regulatory licence is needed and the Sheffield 
and Mainz groups have these granted from the UK and 
EU regulatory bodies for clinical research purposes. 



4.1.7 

MRI Hardware Considerations for HP 3 He 

4.1.7.1 

Bo Field Strength 

The polarisation of 3 He is independent of the static 
magnetic field (B ) of the MRI magnet and as such there 
is scope for high signal to noise ratio imaging at lower 
field strengths (Durand et al. 2002; Owers-Bradley 
et al. 2003; Salerno et al. 2005; Tsai et al. 2008); in- 
deed both 3 He proton MRI of lungs may benefit from 
lesser magnetic susceptibility artifacts than are found at 
clinical imaging field strengths of 1.5 T (Muller et al. 
2001). Some theoretical discussion has taken place as to 
the optimum theoretical field strength for HP gas imag- 
ing (Parra-Robles et al. 2005); the answer is still very 
much dependent on the size of the object which dictates 
the electromagnetic field regime for RF coil coupling to 
the sample and the associated noise regime. Although 
interesting from a technical and theoretical point of 
view, this optimum B has yet to be fully experimentally 
proven and from a practical point of view it is fair to say 
that high quality 3 He images are routinely acquired at 
1.5 T. Low field imaging of HP gas represents a cheap 
solution and allows the possibility of probing the physi- 
ological effects of posture with magnets oriented in an 
upright position (Tsai et al. 2008); however the larger 
commercial MRI vendors are pushing their multi-nu- 
clear imaging efforts on to higher field systems (1.5 T 
and above) and preliminary results at 3 T from Sheffield 
(see Fig. 4.1.4) and the Robarts Institute, Canada (Par- 
raga et al. 2008) are encouraging. 



*» & 



Fig. 4.1.4. Axial 2D SPGR image of HP 3 He in a healthy vol- 
unteer acquired at 3T in Sheffield 



4.1.7.2 

Radio-frequency (RF) Hardware 

Although non-proton imaging is possible on commer- 
cial MRI spectrometers, at the time of writing none of 
the major vendors offer an integrated complete hard- 
ware solution for 3 He MRI. Thus the interested party 
will either have to build their own transmit-receive 
switches and transmit-receive coils or purchase from 
a third party vendor. Transceiver coils for HP gas MRI 
need to be large enough to cover the FOV of the adult 
lungs and airways (approximately 30 x 30 x 18 cm 3 ) 
without subject discomfort. Furthermore, the coils must 
be able to function safely and efficiently, often within 
the confines of a clinical whole-body scanner which 
has limited bore access. Most whole-body systems are 
fitted with integrated proton body transmit coils and 
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by the subjects breath-holding capability; for sick pa- 
tients a breath-hold duration of less than 15 s is usually 
well tolerated (Woodhouse et al. 2006). The remain- 
ing challenge is effective use of the finite polarisation 
for high SNR MRI. Pulse sequence optimisation should 
also take in to account the fact that the lungs are a mag- 
netically inhomogeneous medium with a 9 ppm differ- 
ence in susceptibility between the parenchyma and air- 
spaces, and susceptibility artifacts may be misdiagnosed 
as impaired ventilation (Wild et al. 2003a). Moreover, 
the high diffusivity of 3 He poses a potential problem in 
that the imaging gradients act to dephase the transverse 
magnetisation. 



Fig. 4.1.5. Custom birdcage quadrature body transmit-receive 
coil for 3 He at 1.5 T described in De Zanche et al. (2008) 



4.1.8.1 
Polarisation Usage 



therefore resonant coupling between this volume reso- 
nator and the HP volume coil needs to be considered 
in the design process. Other design constraints include 
portability and minimisation of scanner down time due 
to hardware changes between *H and HP nuclear im- 
aging exams. From an application perspective, HP gas 
MRI is very sensitive to flip angle by virtue of the non- 
renewable polarisation; thus the transmit coil must pro- 
vide a uniform excitation angle across the whole of the 
lungs for a range of flip angles. A large volume resonator 
such as an insert birdcage provides a solution to many 
of these requirements (De Zanche et al. 2008) - see 
Fig. 4.1.5 - although higher receive sensitivity may be 
attained with a closer fitting coil. 

A close fitting transmit coil will invariably have a 
poorer Bl spatial homogeneity and my also pose prob- 
lems with SAR and burning at the skin. A solution may 
be to use a volume coil as shown in Fig. 4.1.5 with a 
dedicated 3 He receiver array for increased sensitivity 
and also opens up the opportunity for parallel receiver 
imaging with 3 He (Lee et al. 2006). 



4.1.8 

3 He Imaging Pulse Sequence Considerations 

Having delivered the HP 3 He to the MRI system and ad- 
ministered to the subject, the Tl will rapidly decrease 
whenever exposed to oxygen in the air (Saam et al. 
1995). Thus the in-vivo acquisition window for an HP 
pulse sequence is generally short and is constrained 



For a spoiled gradient echo (SPGR) sequence built up 
with a series of n = 1 to N, RF views of constant flip 
angle (CFA) a, the transverse magnetisation during a 
breath-hold HP gas acquisition decays as 



Mxy(n) = M sma(cosa) n - 1 exp[-t/Tl(pO 2 )] 



(1) 



where Tl depends on the regional oxygen partial pres- 
sure, p0 2 , which itself changes during the breath-hold 
(Deninger et al. 1999). The first section of the curve 
in Fig. 4.1.2 shows this behaviour as the subjects holds 
their breath and the signal depletes according to Eq. (1). 
This polarisation depletion from view to view using 
a spoiled gradient echo sequence (SPGR) imposes a 
k-space filter on the data in the RF encoding dimension 
(Wild et al. 2002a) which can cause blurring or signal 
attenuation. As such the choice of RF encoding trajec- 
tory is closely related to the flip angle used. For a Carte- 
sian (spin-warp) SPGR sequence with fixed flip angle, a 
centric encoding order (centre out) will provide higher 
SNR at the expense of blurring in the image, whilst a 
sequential ordering will result in lower SNR in the im- 
ages whilst preserving the fine structure (Fig. 4.1.6). 
A partial Fourier acquisition which exploits the phase 
conjugate symmetry in the higher spatial frequencies 
represents a compromise that relies on less RF pulses. 
As the number of RF views is reduced either by partial 
Fourier methods (Wild et al. 2003a), parallel imag- 
ing with receive coil arrays (Lee et al. 2006) or radial 
under- sampling (Wild et al. 2003b), the flip angle can 
be increased in order to use up the polarisation with less 
pulses. This provides the interesting possibility with HP 
gas MRI of SNR that is independent of the number of 



MRI of Pulmonary Ventilation 



41 




subsequently refocusing residual transverse magnetisa- 
tion with the finite longitudinal magnetisation. 

However, any sequence that employs refocusing is 
constrained by the effect of diffusion attenuation of the 
transverse magnetisation which is considerable for 3 He 
in the lungs. The diffusion related signal loss is quanti- 
fied by the signal attenuation at the centre of the read- 
out echo by the expression exp(-£?(t)D), where 



b(r) = f\k(t)\ 2 dt 



(3) 



b being the time dependent fr-value derived from the 
gradient integral with time, where 



Fig. 4.1.6. Coronal SPGR image acquired at 1.5 T with k (t) = y J G (t') dt' 

128 x 128 matrix, 38-cm FOV, 10-mm slice ° 



RF encoding steps (N) (Mugler and Brookemann 
2005), a paradox with the familiar SNR°Wn relation 
which holds for conventional thermally polarised MRI. 
A variable flip angle (VFA) approach can also be 
used in SPGR imaging with HP gases (Zhao et al. 
1996); here the flip angle is increased from view to view 
to maintain a constant transverse magnetisation thus 
minimising the k- space filtering effect. The flip angle for 
the n-th RF view is given by 



a(n) = tan" 1 [l/V(N-n)]. 



(2) 



The VFA approach is potentially the optimum strategy 
for SPGR imaging of 3 He; however the idealised con- 
stant magnetisation profile can diverge if there is slight 
miscalibration in the RF transmit amplitude. Similarly, 
in 2D SPGR imaging the distribution of flip angles 
across the 2D slice profile (Wild et al. 2002a) can cause 
similar problems of divergence (Teh et al. 2007a). An 
alternative to spoiling the precious transverse magne- 
tisation from view to view is to recycle it using steady 
state (Wild et al. 2006 -see Fig. 4.1.7), EPI (Saam et al. 
1999) or CPMG (Durand et al. 2002) based refocusing 
strategies. All of these approaches allow potentially in- 
creased SNR by using a higher excitation flip angle and 



and G is the time varying imaging gradient waveform. 

Figure 4.1.8 highlights the benefits of short echo 
time that can be achieved with radial and spiral imaging 
sequences which start to sample the centre of k-space 
at TE~0. This is most beneficial when imaging with 
small FOVs (Driehuys et al. 2007) or where diffu- 
sion is considerable such as in the upper airways (Wild 
et al. 2004). The same constraint of diffusion dephas- 
ing imposed by the imaging gradients applies to EPI se- 
quences where the echo train length and spatial resolu- 
tion is limited (Saam et al. 1999). Nevertheless, single 
shot EPI provides an attractive means of rapidly track- 
ing gas flow dynamics and has been used to estimate 
global lung ventilation volume with time during exhala- 
tion (Teh et al. 2007b). Diffusion dephasing also lim- 
its the minimum slice thickness in 2D imaging; when 
striving for high resolution images a 3D sequence is less 
prone to this source of attenuation in the slice direc- 
tion and gives higher SNR for a given spatial resolution 
(Wild et al. 2004). A secondary effect in 2D imaging 
is the mixing of gas polarisation by diffusion between 
the slice being excited and the adjacent volume of gas; 
this is mitigated by keeping the sequence TR to a mini- 
mum and imaging slices in an interleaved fashion. This 
slice mixing effect is quantified by the expression below 
which describes the dissipation of the slice profile f(z) 
with time due to diffusion with a Gaussian distribution: 



f(Z,t)- 



IZ,fo( z ') ex P- 



(z-zy 

4nDt 



dz 



(4) 
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Fig. 4.1.7. Images from a healthy normal showing the perfor- 
mance of SPGR and SSFP sequences at 1.5 T. The images show 
that higher SNR can be achieved through use of a higher op- 
timum flip angle and recycling the residual transverse magne- 



tisation with SSFP (Wild et al. 2006), although the character- 
istic banding artifacts due to field inhomogeneity are evident 
near the diaphragm 
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Fig. 4.1.8. How the signal is attenuated as a function of read 
gradient echo asymmetry for free 3 He in air 



This process of slice mixing can in fact be used to mea- 
sure long range diffusion coefficients (Fichele et al. 
2005) and is discussed later. 

As well as mitigating the effect of diffusion dephas- 
ing, non-Cartesian sequences such as spiral (Salerno 
et al. 2001) and radial (Wild et al. 2003b) offer the use 
of less RF pulses to sample k- space by angular under- 
sampling in either 2D or 3D (Holmes et al. 2008). This 
is attractive not only from the point of polarisation us- 
age but also in terms of allowing faster acquisition times 
for dynamic imaging of gas flow as discussed later. 



4.1.9 

Physiological 

and Anatomical Sensitivity with HP 3 He 

The remainder of the chapter will focus on how 3 He im- 
ages can be used to probe lung function. The emphasis 
is not on clinical examples but more on how to sensi- 
tise the MR pulse sequences to different aspects of lung 
physiology and micro -structure and how to quantify 
the results with image processing. For clinical examples 
the reader is referred to Chaps. 8 and 9. 



4.1.9.1 

Ventilation Imaging 

The obvious use for HP 3 He images is to visualize ven- 
tilation distribution and homogeneity. For this purpose 
high resolution images at breath-hold are needed and 




Fig. 4.1.9. Three-dimensional images and the ventilation vol- 
ume from a 12 -year- old child with cystic fibrosis 



most groups still favour the robust 2D multi-slice SPGR 
sequence with Cartesian encoding. Ventilation homo- 
geneity can be expressed qualitatively with radiological 
scoring procedures (Kauczor et al. 1996; Donnelly 
et al. 1999;ALTEset al.2001; Gast et al. 2002; Stavn- 
gaard et al. 2005; van Beek et al. 2007). The degree 
of ventilation heterogeneity can potentially be further 
quantified by texture analysis (Al-Kadi and Watson 
2008) and lacunarity scoring that have been used in 
HRCT. A more quantitative approach is evaluation of 
regional ventilation volumes (Woodhouse et al. 2005). 
For the latter approach the dark space from *H lung 
MRI adds additional information on the potentially vi- 
able ventilated volume and can be used in tandem with 
the 3 He MRI ventilation images to calculate an index of 
percentage ventilated volume. A 3D imaging sequence 
(Wild et al. 2004) with its contiguous data reformat 
allows direct calculation of a measurement of regional 
lung volume as shown in Fig. 4.1.9 with the ability to 
reformat in any orientation. 

One aspect worth considering, especially in studies 
designed to assess the effects of respiratory medication, 
is the baseline repeatability of the ventilation imaging 
which depends upon the respiratory manouevre and 
redistribution of ventilation defects which has been 
shown to change with time and posture in healthy nor- 
mals (Mata et al. 2008). Figure 4.1.10 shows two sets 
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Fig 4.1.10. Repeatability of ventilation imaging in a patient with mild COPD. Note the slight redistribution of ventilation defects 
between scans {arrow) 



of 2D 3 He scans acquired in the same session from a 
patient with mild COPD. 

Lung ventilation volume from 3 He MRI has been 
shown to correlate both with spirometry in normals and 
in patients with disease (Gast et al. 2002; Woodhouse 
et al. 2005) and with lung volumes from plethysmog- 
raphy in normals (Teh et al. 2007b). Since the images 
supply spatially resolved data it is a shame to sacrifice 
the regional ventilation sensitivity by summing up all 
ventilated pixels in to a global index of lung ventilated 
volume. In Sheffield we have used a regional scheme by 
dividing each lung in to upper mid and lower lobes as a 
means of regionally quantifying changes in ventilation 
pre and post therapy; an alternative method may be to 
adopt core and peel methods used in HRCT (Evans 
et al.2008). 



4.1.9.2 

Dynamic Imaging 

HP gas MRI is not constrained by saturation recovery 
of the signal and as such we can image with very short 
TR at high SNR. This opens up the possibility of imag- 
ing gas flow dynamics, wash in and washout and time 
resolved processes such as air trapping. Work to date in 
humans has largely focused on using very rapid time re- 
solved 2D sequences such as partial Fourier Cartesian 
SPGR (Schreiber et al. 2000), spiral (Salerno et al. 
2001) and radial (Wild et al. 2003b - see Fig. 4.1.11) 
sequences. The non-Cartesian methods oversample the 
centre of k-space and can be readily adapted to sliding 
window reconstruction and thus seem to be particularly 
effective for 2D dynamic imaging. These sequences pro- 




Fig. 4.1.11. Selected time frames from a dynamic time series acquired with a 2D radial sequence (Wild et al. 2003b) in a 
patient with severe COPD 
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vide a 2D planar view of the lungs with very fast tempo- 
ral resolution and have been use to elucidate rates of gas 
flow in the major airways and periphery (Koumellis 
et al. 2005; Gast et al. 2003). The time series of images 
obtained can be used to fit parametric maps of the sig- 
nal kinetics such as the rise time, integrated total signal 
and gas flow rate on a pixel by pixel basis (Koumellis 
et al. 2005; Dupuich et al. 2003). By modulating the 
flip angle used with respect to the rate of inhalation, the 
images can be weighted according to gas flow rate in 
order to delineate the major airways where gas flux is 
highest (Tooker et al. 2003). 

Dynamic imaging sequences can potentially be run 
directly after a volumetric breath-hold exam in order to 
investigate the gas clearance rate (Holmes et al. 2007). 
With the advent of faster volumetric imaging sequences 
that use state-of-the-art under- sampling and parallel 
imaging techniques, the possibility also exits for high 
temporal resolution 3D imaging of ventilation (Teh 
et al. 2007b; Holmes et al. 2008) (see Fig. 4.1.12). 

An alternative approach to imaging the rapid in- 
flux of signal is to monitor the slower wash- in of signal 
in a fashion similar to that used in nuclear medicine 
ventilation studies. In this approach the regional frac- 



tional ventilation of gas exchanged per breath is de- 
rived (Deninger et al. 2002b) as an index of regional 
gas ventilation. A final dynamic imaging approach is 
to exploit the phase contrast sensitivity to steady flow 
provided by MRI. Work in this field has used the meth- 
odology developed for phase contrast MR angiography 
and the preliminary results look useful for mapping of 
flow profiles and turbulence in the upper airways (de 
Rochefort et al. 2006). 



4.1.9.3 

Measurement of Regional Oxygen Uptake 

with the Longitudinal Relaxation Time, T1 

As described in Eq. (1), the Tl decay of HP 3 He is 
strongly affected by the effect of mixing with oxygen in 
the air. When paramagnetic oxygen mixes with polar- 
ised 3 He in the lungs, a marked reduction in the 3 He Tl 
arises through the electron-nuclear spin dipolar cou- 
pling. Saam et al. (1995) quantified the dependence of 
the 3 He Tl on oxygen concentration; the longitudinal 
relaxation rate (1/T1) is given by To 2 (t) = pOi (t) /£ , 
where the coefficient \ was determined empirically as 
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Fig. 4.1.12. Time resolved 3D imaging to mimic a spirometry manouevre and correlation with total lung capacity from plethys- 
mography (adapted from Teh et al. 2007b) 
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2.61 bar x s at 310 K temperature. Thisp02 dependence 
of the 3 He Tl was subsequently used by Deninger 
et al. (1999) for in vivo quantification of p02 in a se- 
ries of breath-hold experiments on pigs and humans. In 
breath-hold studies of HP 3 He, the image signal inten- 
sity, A n , in a time series of n images acquired with N RF 
views per image, can be derived from Eq. (1) as 



A n = Ao (cosa) n exp 



-fp0 2 (t)dt 

, s o 



(5) 



Thus by acquiring time series of images with different 
inter image delay times, the RF depletion and Tl (p0 2 ) 
effects can be separated to give an estimate of the 
regional p0 2 (t). The method relies on the assumption 
that oxygen uptake in the human lung can be approx- 
imated by a linear rate constant, p0 2 (t) = p -Rt, which 
could represent a short time scale approximation to the 
exponential behaviour recently reported in rat lungs 
with 3 He Tl measurements (Cieslar et al. 2007). 
Practically, these in vivo experiments used images 
acquired from whole lung projections (very thick 2D 
slices) with two sets of weightings - either different flip 
angles or different inter image delays. The dual scan 



approach is 3 He intensive and prone to registration and 
breath-hold irreproducibility, as such single breath-hold 
versions of the method have recently been proposed 
(Deninger et al. 2002a; Fischer et al. 2004). For 
accurate fitting of the decay curve, SNR needs to be high 
so spatial resolution in the images is less paramount. 
Furthermore the effect of inter- slice diffusion of gas 
during the significant inter- image delay time (typically 
up to 7 s) can introduce erroneous decay rates which 
can be circumvented by using a 3D imaging sequence 
(WiLDet al.2005). 

Whilst perhaps the most powerful tool with which 
to measure regional lung function, the p0 2 method still 
remains the least evaluated in a clinical setting and a 
robust solution that gives accurate data in a reasonable 
breath-hold duration remains to be fully evaluated. 



4.1.9.4 

Diffusion Measurement 

One of the most powerful and proven aspects of HP 3 He 
MRI is its sensitivity to gas diffusion (random Brown- 
ian motion of the atoms). In air at STP the diffusion 
coefficient (D) for helium-3 is on the order 0.88 cm 2 s _1 




p0 7 (bar) 




Fig. 4.1.13. Time course of images from one slice of a 3D (Wild et al. 2005) single scan p0 2 imaging sequence, with the calcu- 
lated pQ 2 map 
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(Liner and Weissman 1972), and it can travel root 
mean square distances of millimeters within times of 
milliseconds as calculated from the solution to the ID 
diffusion equation x = y2Dt . For example, in an ex- 
perimental time -frame of 5 ms the gas atoms can travel 
a root-mean-squared (RMS) distance of «1 mm. Con- 
sidering the smallest confining structure in the lungs to 
be an alveolus, which is approximately 0.3 mm in diam- 
eter, the gas atoms can encounter the tissue walls multi- 
ple times during a typical MR sequence repetition time 
(TR), which is typically 5 ms. The confinement by the 
walls leads to a "restriction" in gas diffusion and hence 
the measured apparent diffusion coefficient (ADC) 
is much smaller in healthy lungs than for diffusion in 
free-space. Typical MRI measurements reveal that the 
helium-3 ADC is between 0.1 cm 2 s _1 and 0.2 cm 2 s" 1 
in healthy lungs (Swift et al. 2005; Saam et al. 2000; 
Salerno et al. 2002; Fain et al. 2006), whereas in free- 
space it is 0.88 cm 2 s _1 when mixed with room air. The 
restricted diffusion process in the lungs is depicted in 
the schematic in Fig. 4.1.13. 



4.1.9.5 

Measuring Diffusion: 

Time-length Scale Dependence 

Diffusion acts to attenuate irreversibly the MR signal 
whenever a magnetic field gradient is present as dis- 
cussed earlier. Hence, MRI sequences can be used to 
measure diffusion by using pulsed or static gradients 
after the application of the excitation RF pulse. These 



methods stem from the seminal work of Carr and 
Purcell (1954) and Stejskal and Tanner (1965). 
For HP 3 He, the most commonly employed method is 
the pulsed-gradient-spin-echo (PGSE) technique. It 
is easily implemented, robust, and, most importantly, 
it can be incorporated in to fast sequences that can be 
encompassed within a breath-hold. The standard PGSE 
method utilises two pulsed gradients separated by a 
time A, and a 180° refocusing pulse, all situated after the 
slice-selection gradient and (usually) before the phase 
encode step of the sequence. The same diffusion mea- 
surement can also be undertaken without the 180° re- 
focusing; see Fig. 4.1.14. However, this essentially limits 
experimentation to shorter durations of A, since T2* 
causes signal attenuation. Furthermore, the refocusing 
pulse can mitigate some of the measurement errors due 
to superposition of background gradients. The simpli- 
fied PSGE method is depicted in Fig. 4.1.15, which is 
incorporated within a standard gradient echo (SPGR) 
sequence block. The diffusion ^-values are computed 
from Eq. (3) and the diffusion coefficient evaluated by 
an exponential fit to the expression exp(-bD). This se- 
quence is best run in an interleaved mode where the 
acquisition of each line of k- space is repeated: the first 
interleave has no diffusion weighting (reference scan at 
matched TE), while the subsequent interleaves incor- 
porates bipolar gradient waveform of different b. Inter- 
leaving in this fashion ensures a reduced sensitivity to 
motion artefacts and greatly reduces any flip-angle, and 
Tl relaxation bias in the measured ADC. However, it is 
crucial that each interleave has the same time-to-echo 
(TE) and repetition time (TR). 



Healthy alveoli 
LOWADC~0.2x70- 4 m 2 s" 7 



Emphysema 

HIGH ADC -^ 0.9x1 O^m 2 ^ 1 




Fig. 4.1.14. Schematic of a healthy alveolar sac and an emphysematous alveolus 
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Interleaved Gradient-Echo Sequence with Diffusion Encoding 




Repeat N times 



Fig. 4.1.15. PGSE sequence gradient echo (SPGR) sequence typically used for measuring 3 He ADC 



Various diffusion investigations have been per- 
formed in human lungs using variations on the PGSE 
sequence as shown in Fig. 4.1.15. The first reported 
measurements of 3 He diffusion were by Mugler et al. 
(1998) at a field strength of 1.5 T. Measurements were 
made using a bipolar gradient waveform (PGSE), with 
four fr-values of 0.4, 0.8, 1.2 and 1.6 cm s" 1 . The ADC 
values were calculated on a pixel-by-pixel basis using 
a linear, least-squares fit to yield a single average ADC 
value for all four fr- values. The overall mean ADC value 
over all healthy volunteers was found to 0.25 cm s"\ al- 
most a factor of four times smaller than unrestricted 
diffusion in free space. 

A more comprehensive study, using 1 1 healthy vol- 
unteers and 5 patients with severe emphysema, was later 
reported by Saam et al. (2000). Here, diffusion was en- 
coded using only two ^-values: for the healthy volun- 
teers the values were b = cm s"\ and b = 2.75 cm s" 1 ; for 
the emphysema patients a lower b-value of 1.375 cm s" 1 
was selected. Diffusion in both experiments were en- 
coded with a relatively long diffusion time of 7.5 ms. 
The results from the healthy volunteers yielded an av- 
erage ADC value of 0.20cm s~\ whereas the ADC val- 
ues from the emphysema patients were greatly elevated, 
yielding an average of 0.50 cm s" 1 . The results clearly 



demonstrated that destruction of the lung tissue lead 
to a higher ADC values, closer to the unrestricted dif- 
fusion coefficient. Salerno et al. (2002) conducted a 
study in sixteen healthy volunteers, and eleven patients 
suffering from emphysema. The encoding methods 
were identical to those of Mugler et al. (1998). Here, 
the ADC was on average 0.23 cm s" 1 for healthy volun- 
teers, and 0.45 cm s" 1 for the patients with emphysema. 
In addition, the ADC values were compared to spirom- 
etry measurements taken before each scan. The ADC 
values were found to correlate strongly with the forced- 
expiratory- volume within 1 s (FEVi). This was an im- 
portant finding since spirometry is routinely used to 
assess disease severity. Various groups have since used 
PGSE sequences such as these to elucidate early emphy- 
sematous changes (Swift et al. 2005; Fain et al. 2006) 
in smokers (see Fig. 4.1.16), growth of alveoli with age 
(Fain et al. 2005), postural and anatomical gradients 
within the lung (Fichele et al. 2004b), and subtle 
changes in asthma (Wang et al. 2008). PGSE 3 He ADC 
results have been shown to match well with the alveolar 
dimensions measured results from histological sections 
in experiments made in animal lungs (Peces-Barba 
et al. 2003) and more recently in human lungs (Woods 
et al.2006). 
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Fig. 4.1.16. ADC map and histogram from a patient with emphysema; a hot spot of elevated ADC is clearly 
seen in the upper right lobe. Images acquired with a PGSE SPGR sequence with b-values described in Wild 
et al. (2007) 



The mean ADC value is clearly an indicator of al- 
veolar size and hence disease severity in the case of 
emphysema; however, the inter- connected nature of the 
alveolar microstructure imposes a time-length scale de- 
pendence on the ADC that depends upon the diffusion 
weighting gradient strengths and timings (Fichele 
et al. 2004a). In simple terms, if we give the gas a longer 
time to diffuse there is more chance of it hitting a wall 
and encountering a restriction thus giving a lower ADC. 
These effects are illustrated in Figs. 4.1.17 and 4.1.18. 

This sequence timing dependence of the ADC 
means that care should be taken when making a direct 
comparison of ADC results measured at different sites 
with sequences with different diffusion weightings and 
international consensus on standardisation of fr-value 
for 3 He ADC measurement would be worthwhile. 

The time dependence of the PGSE sequence also 
indicates that with longer diffusion times we can poten- 
tially probe longer range diffusion in the lungs that rep- 
resents inter-acinar connectivity and disease processes 
that lead to different gas mixing washout times. The 
problem with extending the diffusion time A to the tens 
of milliseconds needed to probe longer length scales is 
that T2* decay (approximately 25 ms for 3 He in the lungs 
at 1.5 T) can attenuate the signal before application of 
the second gradient pulse. To address this, the diffusion 
encoded magnetization can be stored in the longitudi- 
nal direction (with a flip back RF pulse of the opposite 



phase, i.e. a stimulated echo sequence) where the longer 
Tls (-20 s) allow longer diffusion times, the magneti- 
sation being read out with a third pulse with the same 
phase as the original excitation pulse; see Fig. 4.1.19. 

Various manifestations of sequence for measure- 
ment of long time-scale diffusion have been proposed 
(Owers-Bradley et al. 2003; Woods et al. 2004; 
Fichele et al. 2005; Wang et al. 2006); these authors 
all give ADC values approximately an order of magni- 
tude less than those measured with PGSE, which indi- 
cates we are measuring gas mixing by convection/diffu- 
sion through collateral connectivity over a longer length 
scale (Conradi et al. 2008). Whether this is more or 
less sensitive than the shorter time scale measurements 
to different aspects of lung micro -structure in healthy 
and diseased lungs remains to be fully investigated but 
preliminary comparison show differences in sensitivity 
(Wang et al. 2008). 

Much work has been performed in modeling the af- 
fect of diffusion inside geometrical models that mimic 
the lung micro -structure; this is an area of theoretical 
study in its own right and the reader is referred to the 
papers from the various groups active in this field who 
have proposed analytical (Yablonskiy et al. 2002; 
Conradi et al. 2004; Grebenkov et al. 2007; Suk- 
stanskii and Yablonskiy 2008) and numerical mod- 
els (Fichele et al. 2004a, 2005; Verbanck and Paiva 
2007) of restricted diffusion. 
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Fig. 4.1.17. a-e. 
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Fig.4.1.18a-c. 
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Fig. 4.1.17a-e. Axial ADC maps of a healthy male (aged 34) 
were taken using a range of different b -values and gradient du- 
rations. Data from ten regions- of-interest (ROI) from a total of 
five slices are plotted, the gradient schemes are depicted below 
each data set. The overall ADCs are seen to decrease as gradi- 
ent strength decreases. The difference in ADC seen between 
each ROI data is due to a superior-inferior variation in alveo- 
lar density. The thick, black line corresponds to the "cylinder 
model" (Yablonskiy et al. 2002), plotted for R = 0.33 mm, 



Fig. 4.1.18a-c. Axial ADC maps of a relatively healthy female 
smoker (aged 51) were taken using a range of different b-values 
and gradient durations, a ROIs plotted, b Gradient duration 
is varied, c Gradient strength is varied. The ADC is clearly a 
strong function of time and gradient strength, and is seen to 
decrease with increasing b-value. Theoretical curves (in thick 
black) are shown for comparison with the "cylinder model"; 
see text. Blue arrows indicate regions of large ADC values, and 
hence tissue destruction. Adapted from Fichele et al. (2005) 



DL 



0.47 cm s ; see text 



aJLa, — aJ- 



Acquire 



6-x 



Ox 



Fig. 4.1.19. The stimulated echo sequence used for long 
diffusion time measurements. Magnetisation is tipped into 
the transverse plane by the first pulse, diffusion encoding is 
applied with the first gradient pulse, and the encoded magne- 
tisation is then stored in the longitudinal direction by tipping 
back with a pulse of opposite phase. The encoded magnetiza- 
tion is then readout and rephased with a second diffusion 
gradient of the same shape and direction 
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Fig. 4.1.20. Side by side comparison of 3 He ADC and T2* maps from a healthy normal and pooled data analysed on a slice by 
slice basis indicating both parameters show an anatomical trend from anterior to posterior 
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4.1.9.6 

Transverse Relaxation Time T2* 

As mentioned earlier, the lungs are a magnetically inho- 
mogeneous medium due to the magnetic susceptibility 
difference between air and parenchyma (9 ppm volume 
susceptibility difference) creating microscopic field gra- 
dients. The diffusion of 3 He in these gradients gives rise 
to a microscopic (sub-pixel) T2* which can be mea- 
sured at breath-hold with interleaved SPGR sequence 
blocks of different TE. The T2* could thus provide an 
additional means of exploring the lung physiology with 
sensitization to both the susceptibility differences in the 
perfused micro -vasculature (Vignaud et al. 2005) and 
anatomical gradients in the T2* within the lung having 
been reported (Ajraoui et al. 2008)(Fig. 4.1.20). 
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KEY POINTS 



Hyperpolarized xenon- 129 ( 129 Xe) has enormous 
potential to provide noninvasive functional infor- 
mation about the lung. In particular, because in- 
haled xenon follows the same pathway as oxygen, 
diffusing from alveolar gas spaces to septal tissue 
and blood, gas exchange parameters can be mea- 
sured. For example, by measuring the time-depen- 
dent septal uptake of 129 Xe, information about al- 
veolar surface area, septal thickness and vascular 
transit times can be obtained. A principal obstacle 
to the development and application of this technol- 
ogy to humans has been the lack of a polarizer that 
can provide sufficient quantities of highly polar- 
ized 129 Xe gas. This problem, however, has recently 
been solved. To obtain quantitative measures of 
pulmonary function with 129 Xe, two methods have 
been studied. One is a direct method that measures 
the magnetic resonance signal from the gas spaces 
and from the different septal tissue compartments. 
In principal this is straightforward since the signal 
from each compartment can be distinguished due 
to a unique chemical shift frequency. In practice, 
however, there are limitations because of the very 
small signal available to measure in the septal tis- 
sue. Thus, the direct measurement of 129 Xe inter- 
phase diffusion in humans has been principally 
confined to whole lung measurements. To obtain 
regional maps of 129 Xe interphase diffusion, the 
Xenon Transfer Contrast (XTC) method has been 
utilized. XTC is an indirect method that measures 
the attenuation in the gas phase magnetization due 
to interphase diffusion between the gas phase and 
septal tissue compartments. Using XTC, regional 
maps of interphase diffusion in humans has been 
demonstrated. 
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4.2.1 
Introduction 

There has been considerable interest in hyperpolarized 
129 Xe because of its unique properties. Not only can one 
obtain beautiful images of ventilation similar to what 
can be obtained with hyperpolarized 3 He, but unlike 
3 He, which has negligible solubility in tissue, xenon fol- 
lows a pathway similar to oxygen, i.e. diffusing from al- 
veolar gas spaces to septal tissue (parenchyma and red 
blood cells). A further extremely advantageous prop- 
erty of xenon in septal tissue is that it has significantly 
different magnetic resonance precession frequencies 
from that of the gas phase. This makes it straightfor- 
ward to independently measure the magnetic resonance 
signal in both the gas and tissue phases allowing mea- 
surement of the interphase diffusion kinetics. Proper- 
ties such as the alveolar surface area, septal thickness, 
and blood kinetic exchange rates can be measured non- 
invasively These physiological parameters are directly 
related to different diseases and are therefore potentially 
extremely important. For example, alveolar surface area 
is a direct measure of emphysematous disease, septal 
thickness is a direct measure of restrictive pulmonary 
diseases such as interstitial lung disease, and vascular 
kinetic parameters such as mean transit time are direct 
measures of pulmonary vascular disease. 

In 1994, the very first images demonstrating pulmo- 
nary ventilation using a hyperpolarized noble gas were 
reported in an excised mouse lung using 129 Xe (Albert 
et al. 1994). However, despite this important first step, 
the vast majority of work in this field has been per- 
formed with hyperpolarized 3 He. There are several prin- 
cipal reasons for this disparity. First, the gyromagnetic 
ratio of 129 Xe is three times smaller than that of 3 He. This 
means that the inherent signal to noise ratio (SNR) will 
be smaller compared to 3 He by the same ratio. In addi- 
tion, 3 He is supplied with an isotopic concentration of 
100% as compared to the natural abundance of 129 Xe, 
which is only 26%. This creates an additional factor of 
four reduction in SNR, and when combined with the 
gyromagnetic ratio factor, represents a total factor of 12 
in inherent loss of SNR for 129 Xe. The low natural abun- 
dance of 129 Xe can be partially mitigated by purchasing 
more expensive enriched 129 Xe, typically enriched to 
86%. Note that the cost per liter of both enriched 86% 
129 Xe and 100% 3 He is presently around $250. Finally, a 
third problem for xenon has been the lack of polarizers 
that can produce liter quantities of gas with high polar- 
ization (Patz et al. 2007). Thus, much of the early work 
in 129 Xe has been done in animal models where smaller 
quantities of gas are required. More recently, however, 



a 129 Xe polarizer capable of producing 1-2 L/h at 50% 
polarization (Ruset et al. 2006) has become available 
enabling more routine investigation in humans. 



4.2.2 

129 Xe Polarizer Technology 

The commercialization of hyperpolarized noble gases 
began in the United States with the formation of Mag- 
netic Imaging Technologies Incorporated (MITI) in 
1996 as a spin-off company from the research group of 
Will Happer at Princeton. Happer s group had performed 
much of the fundamental science of spin exchange opti- 
cal pumping (SEOP) through the 1980s and early 1990s. 
Due to his reputation in this area, he was approached by 
xenon spectroscopists Balamore and Albert from Stony 
Brook seeking stronger signals for their studies of bio- 
chemical mechanisms of anesthesia. Their collaboration 
led to the recognition that hyperpolarized gases could 
be produced in large quantities, breathed, and imaged 
in vivo. MITI continued technical refinement, produced 
and sold a few polarizers, and began collaborating with 
academics to develop imaging strategies. In 1999 MITI 
was bought by Nycomed Amersham, who began the 
process to seek regulatory approval. While they applied 
for hyperpolarized noble gases to be classified by the US 
FDA as a device, instead these gases were classified as 
drugs. The projected expense required for human trials 
leading to regulatory approval mushroomed. 

Two gases, 3 He and 129 Xe, can be hyperpolarized by 
SEOP. This process uses circularly polarized light tuned 
to an absorption line in rubidium to polarize rubidium 
vapor. Collisions between the rubidium atoms and the 
noble gas atoms transfer the polarization from the ru- 
bidium electron to the noble gas nucleus. The technol- 
ogy for achieving high polarizations with 3 He had been 
a focus of Happer s group due to its applications in fun- 
damental high-energy physics. Consequently liter quan- 
tities of >35% polarized 3 He were routinely achievable. 
In contrast, liter- quantities of xenon could be produced 
with polarizations typically less than 5%-7%. This is 
largely because xenon poses an additional challenge: 
the electrons of xenon usually depolarize the rubidium 
electron before the rubidium electron can polarize the 
xenon nucleus. Xenon polarization has low intrinsic 
photon efficiency. 

Nycomed Amersham decided to concentrate their 
resources on FDA approval of hyperpolarized helium 
imaging. 3 Helium offered a magnetic moment three 
times greater than 129 Xe and the polarization was 5 to 
10 times higher, yielding a signal strength advantage of 
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up to 30. In spring of 2004, General Electric acquired 
Amersham Health and with it the license to the original 
Princeton US patent covering medical imaging of hy- 
perpolarized gases. More recently, however, both in 2007 
and 2008, GE Healthcare announced their intentions at 
the Hyperpolarized Noble Gas Study Section meetings 
held at the ISMRM in Berlin (2007) and Toronto (2008) 
that they were not vigorously pursuing 3 He but rather 
were much more interested in 129 Xe. 

Development of an alternative 129 Xe polarizer was 
being pursued by F. W. Hersman at the University of 
New Hampshire where he had been building a technol- 
ogy development program to produce polarized helium 
cells to serve as particle beam targets for nuclear physics 
experiments. In 1997 after learning of the need for better 
methods to polarize xenon, he conceived of the counter- 
flow method and invented the counter-flow xenon po- 
larizer (Ruset et al. 2006). His team finally achieved a 
technological breakthrough in 2004. Magnetization out- 
put, the product of polarization times production rate, 
exceeded the output of the commercial Amersham po- 
larizer by a factor of fifty (Ruset et al. 2006). 



4.2.2.1 

Method: Counter-current Polarization 

The counter-flow polarizer (Fig. 4.2.1) embodies a main 
operating principle and two auxiliary supporting ideas, 
enabling a new regime of operation. The main principle 
is to flow the mixed gases along a long reaction cham- 
ber towards a laser beam emanating from the opposite 
direction. The gases are initially illuminated with the at- 
tenuated beam achieving some degree of polarization, 
but near the end of the process when gases are highly 
polarized they are subjected to the most intense laser 
light to assure 100% rubidium polarization and raise the 
xenon polarization still further. This "counter- current" 
principle is also used in efficient heat exchangers. 

The first auxiliary idea is to saturate the flowing 
gases with rubidium in a preparatory chamber outside 
the laser polarization region. This assures homogeneous 
saturation of the gases to a well-defined rubidium den- 
sity (dependent on the thermal bath temperature) essen- 
tially independent of flow velocity and laser power. The 
design had the rubidium droplets in the polarization 
chamber. Higher flow rates resulted in incomplete satu- 
ration of the flowing gases with rubidium. Higher laser 
intensity resulted in a non-linear runaway condition, in 
which laser power absorption heated the gas vaporizing 
additional rubidium, which in turn increased laser ab- 
sorption. Higher laser intensity in the system actually 



reduces rubidium density (higher temperature at con- 
stant partial pressure) maintaining stability. The second 
auxiliary idea is to extract the rubidium in the presence 
of the polarizing light. By bringing the mixed flowing 
gases into contact with a cold surface in the presence 
of the laser light, the rubidium remains polarized, con- 
tinuing to transfer polarization to the xenon, until it is 
extracted. The system exhausted mixed gases from the 
chamber still saturated with rubidium. That strategy can 
allow the rubidium to quickly lose its polarization and 
begin to depolarize the xenon. 



Laser entrance 
window 



Gas exit valve 
and coupling 




Rubidium 
condensate 



Laser exit 
(for analysis) 



Fig. 4.2.1. Schematic of the Hersman polarizer; University of 
New Hampshire, USA. The laser light enters the polarization 
column along a direction opposite the flow of gas. Reprinted 
with permission from Patz et al. (2007) 
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The new operating regime enabled by these ad- 
vances is: high gas flow velocity, low gas pressure, and 
very low xenon partial pressure. The key benefit to low 
xenon partial pressure is the resulting ability to main- 
tain high rubidium polarization with the laser. High 
xenon partial pressure leads to rapid rubidium depo- 
larization. Of course low xenon partial pressure then 
requires higher flow rates to polarize the same quantity 
of xenon. The key benefit to low total gas pressure is the 
increase in polarization transfer from rubidium to xe- 
non. Rubidium transfers polarization to xenon by two 
distinct processes: instantaneous binary collisions and 
formation of van der Waals molecules. Spin exchange 
by molecule formation has much higher probability if 
the molecule is not broken up by a subsequent colli- 
sion, and therefore dominates at low pressures. Hers- 
man and his colleagues are able to achieve almost an 
order of magnitude increase in spin exchange rate and 
flow at much higher velocities. Low pressure however 
can reduce the efficiency of extracting the laser light by 
the rubidium. Most polarizers require higher pressure 
to pressure broaden the rubidium absorption spectral 
line. The University of New Hampshire group achieved 
efficient laser absorption by increasing the length of the 
cell by a factor of ten, from a previous maximum length 
of 20 cm to almost 2 m. These combined improvements 
provide quantities of 10-20 L of 129 Xe polarized within 
1 h and with polarization up to and exceeding 50%. This 
polarization technology has enabled high-quality hu- 
man MR imaging protocols (Patz et al. 2007). 



4.2.3 

Safety of 129 Xe: Breathing Protocol 

fnr 129 Xe and Safety Issues 



for 



To date, two groups have reported 129 Xe MRI studies in 
humans. Mugler et al. (1997) performed initial stud- 
ies on a few healthy subjects with an inhalation of a 
500-cc bolus of xenon gas. This was followed by further 
preliminary results measuring 129 Xe apparent diffusion 
coefficient (ADC) (Mugler et al. 2004). These studies 
represented important first steps in human 129 Xe MRI 
but were limited because of the polarizer performance. 
Most human studies to date have been performed at 
Brigham and Women's Hospital, Boston, USA with the 
polarizer described in the previous section (Patz et al. 
2007, 2008). The protocol used in Boston requires all in- 
haled gas mixtures to contain at least 21% oxygen and 
no more than 70% xenon. In addition, the estimated al- 
veolar xenon concentration can be no more than 35%. 
It is important to stay well below an alveolar concen- 
tration of -70%, because of well known anesthetic ef- 



fects above that concentration (Latchaw et al. 1987). 
Standard spirometry was performed on each subject to 
obtain their residual volume RV and total lung capacity 
TLC. These values were used to calculate the volume of 
additional air needed to be inhaled, if any, in order to 
satisfy the concentration requirements in the lung for 
a particular volume of xenon and oxygen that was be- 
ing inhaled. Breath-hold times are limited to 40 s for 
healthy subjects and 20 s for those with mild to mod- 
erate lung disease. Baseline measurements of the satu- 
ration of peripheral blood oxygen (Sp0 2 ), ECG, blood 
pressure, heart rate, and respiratory rate are required 
to be made for each subject before beginning a series 
of experiments and 10 min after each breath-hold ex- 
periment. Sp0 2 and heart rate are also monitored while 
in the MRI scanner. Several practice sessions are per- 
formed outside the scanner, some with air and one with 
a volume of xenon equal to the maximum that would be 
used for any of the experiments planned for that partic- 
ular subject. The practice breaths familiarize the subject 
with the protocol and allow them to experience what 
breathing 129 Xe will be like. We also checked to make 
sure the Sp0 2 stays within allowed limits: no lower than 
an absolute value of 85% for healthy subjects. To date, 
26 subjects have participated in various experiments 
involving at least 350 xenon breath-hold experiments. 
Three of the 26 subjects had mild interstitial lung dis- 
ease and performed 32 breath-hold experiments. The 
remainder of the experiments was performed by healthy 
subjects. There have been no adverse events. Before 
breathing xenon, a subject is instructed to perform two 
cycles of a deep breath to TLC followed by exhalation to 
close to RV. This ensures there is an identical breathing 
history before the experiment for each subject. 

The lack of adverse events as well as the fact that 
there was no significant effect on heart rate, respiratory 
rate, Sp0 2 and blood pressure is perhaps not surprising, 
especially in light of the fact that a different isotope of 
xenon has been used safely for many years to measure 
cerebral blood flow with CT. For example, Latchaw 
et al. (1987) reviewed adverse reactions for xenon CT 
in a multi-center study involving 1830 patients and con- 
cluded that the side effects of xenon gas are minimal 
when its percentage concentration in the gas inhaled 
is less than 32%. Note that xenon CT typically involves 
continuous breathing of xenon for 5 min whereas our 
MRI protocol calls for a single breath repeated at most 
every 10 min. In addition, in the early limited studies 
of Mugler et al. (1997), they reported only occasional 
lightheadedness, dry mouth and mild throat irritation 
when subjects inhaled 500 cc of laser polarized 129 Xe. 
Occasional light-headedness was also observed by Yo- 
nas et al. (1981) in their xenon CT studies. 
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4.2.4 

129 Xe Spectra in the Lung 

The gyromagnetic ratio for 129 Xe in the gaseous phase 
is 11.78 MHz/T, approximately one quarter that of pro- 
tons. Xenon is soluble in tissue and after allowing equi- 
librium to be established between gas and tissue (i.e. 
xenon partial pressures in each media are identical), 
the concentration in tissue relative to gas is given by the 
Ostwald solubility coefficient (also known as the parti- 
tion coefficient), A,~0.1 (Eger and Larson 1964). There 
are only a few published xenon spectra from the human 
lung. The first was from Mugler et al. (1997) report- 
ing initial results in two human volunteers. Referenced 
to the gas phase at ppm, Mugler et al. reported three 
spectral peaks: human subject 1: 185-186, 195-196, 
and 216 ppm; human subject 2: 182-183, 195-196, and 
216 ppm. Identification of the peaks was made by com- 
parison with animal studies (Sakai et al. 1996; Wag- 
shul et al. 1996): the most shifted peak at 216 ppm was 
assigned to red blood cells, the peak at 195-196 ppm to 
lung parenchyma, and the least shifted peaks to plasma 
and/or well vascularized other tissues in the thorax such 
as the heart myocardium. 

A typical spectrum from a human lung at 0.2 T 
field strength is shown in Fig. 4.2.2. This spectrum was 
obtained at a lung volume close to functional residual 
capacity (FRC). The ratio of the total dissolved to gas 
phase signals was measured to be 0.022 (Patz et al. 
2008). Notice that, at this low field strength, the chemi- 
cal shift separation between dissolved phase compo- 
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Fig. 4.2.2. 129 Xe human lung spectra at 0.2 T. The large peak 
is the gas peak and relative to it is the dissolved phase peak at 
+205ppm (+485Hz). The line widths (FWHM) of the gas/dis- 
solved phase lines are -20/100 Hz respectively. The ratio of the 
dissolved to gas spectral integrals of the signal is 0.022 



nents is sufficiently small that all the dissolved phase 
spectral components appear as a single peak. 

The dissolved/gas phase signal ratio directly reflects 
the relative quantity of hyperpolarized 129 Xe magnetiza- 
tion in the two phases. The fact that the dissolved phase 
xenon signal is -50 times less than the xenon gas phase 
signal means that the SNR of the dissolved phase is quite 
low. Thus, human experiments that involve measure- 
ment of gas exchange kinetics and that require direct 
measurement of both gas and dissolved phase signals 
have principally been performed using whole lung spec- 
troscopy. Direct imaging of the dissolved phase to pro- 
vide regional maps of gas exchange is difficult because 
the signal strength from the dissolved phase is divided 
by a large number of voxels. Imaging experiments of gas 
exchange kinetics have therefore primarily relied on a 
measurement technique that does not directly measure 
the dissolved phase signal but rather observes a modu- 
lation of the gas phase signal due to interphase diffu- 
sion between gas and dissolved phases. This technique, 
known as xenon transfer contrast (XTC) (Ruppert 
et al. 2000a, 2004), will be described in detail below. 

It is important to appreciate the origin of the rela- 
tively small quantity of 129 Xe in the dissolved phase. In 
the absence of blood flow effects, the equilibrium mag- 
netization ratio between the alveolar gas and dissolved 
phases is predicted to be 



M dl 
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hVdis. 



gass 



(i) 



The volume of the dissolved and gas phases is given by 
Vdi SS and Vg as and their ratio can be expressed in terms 
of the porosity <p = Vg as /(V gas +V d i SS ). For a lung volume 
close to FRC, cp ~ 0.8, which gives a predicted value for 
M diss /M gas = 0.02, which is in very close agreement with 
the experimentally determined value at 0.2 T. 



4.2.5 

Diffusion of Xenon from Alveolar Gas Spaces 

to Septal Tissue 

A very simple pulse sequence, Chemical Shift Satura- 
tion Recovery (CSSR), can be used to obtain important 
information about the lung. By applying a selective 90° 
radio frequency pulse centered in the dissolved phase 
frequencies, one can destroy the dissolved phase 129 Xe 
magnetization. This creates an ideal step function ini- 
tial condition (Fig. 4.2.3a) where the 129 Xe magnetiza- 
tion is initially zero in the dissolved phase and relatively 
uniform in the gaseous phase. The 129 Xe magnetization 
in the gaseous phase is relatively uniform because the 
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Fig. 4.2.3. Schematic of Chemical Shift Satura- 
tion Recovery (CSSR) method, (a) Idealized ID 
semi-infinite phases, {b) A more realistic model 
with a finite width septum. Net diffusion from 
gas to dissolved phase after time tm is shown in 
purple. Reprinted with permission from Patz 
et al. (2007) 



gas phase is diffusively well mixed. Then, by observing 
the recovery of the dissolved state 129 Xe magnetization 
(Fig. 4.2.4), one can measure important functional com- 
ponents of the lung. For example, Butler et al. (2002) 
demonstrated the ability to measure quantitatively the 
surface area per unit volume of gas S/Vg as in porous 
polyethylene phantoms. Measurements of S/V gas were 
obtained both with a 129 Xe magnetic resonance method 
and by confocal microscopy. Good agreement between 
the two methods provided strong evidence that S/V gas 
can be measured non-invasively with 129 Xe. 

Butler et al. (2002) showed that, for a semi-infinite 
medium (Fig. 4.2.3a), the fraction F{t) of the 129 Xe mag- 
netization that diffuses into the dissolved phase during 
a diffusion time t relative to the 129 Xe magnetization ini- 
tially in the gas phase, is proportional to S A / Vg as : 



F , x = / s diss (t,Q))d(o = S A 



K = X 



f S g as (t=0,0))d(jO Vgas 

Sa I ^D diss 



_^L r^dtsiL = Ky /i 9 



v„ 



(2) 



Here, the integrals are over the spectral width of the 
dissolved s di ss and gas s gas signals, and D diss is the diffusiv- 
ity of 129 Xe in the dissolved phase. V gas is the gas volume 
and S A is the surface area between the two phases. For 
lung parenchyma, S A is the alveolar surface area. The 
analytical form of Eq. (2) is only valid for short times 
where the semi-infinite approximation is valid, i.e. the 
septa are far from being saturated. Since the septa are 
not semi-infinite (Fig. 4.2.3b), for a long time F satu- 
rates and does not increase as It. Note also that, because 
F is the ratio of dissolved to gas phase magnetization, 
it is an intensive rather than extensive quantity. This 
is important experimentally because of the following. 
During a static breath-hold experiment, the gas phase 
magnetization decays. There are two mechanisms re- 
sponsible for this decay. One is due to the presence of 
paramagnetic oxygen, which decreases T Y to -20 s and 
second, the small flip angle RF pulses that are used to 
interrogate the gas phase magnetization also deplete the 
nonrenewable magnetization reservoir. Because F is an 
intensive quantity, as long as the SNR remains adequate, 
measurements can be made throughout the decay of the 
gas phase magnetization. Thus, because F is an inten- 




Fig. 4.2.4. Chemical Shift Saturation Recovery (CSSR) 
experiment on porous polyethylene. Here the gas phase is 
at ppm and the dissolved phase is at -200 ppm. At time 
£=0, the dissolved phase magnetization is set to zero using a 
selective 90° RF pulse. The rate at which the dissolved phase 
signal recovers is due to the diffusion of 129 Xe from the gas 
spaces into the dissolved phase and is proportional both to the 
surface area between the two phases and increases diffusively 
as V t. Reprinted with permission from Butler et al. (2002) 
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Fig. 4.2.5a, b. Experimentally measured F(t) shown with blue gas and dissolved phases holds. Lung volume was fixed and 
dots as a function of diffusion time t (a) and Vt for the early in the example shown here, it is at total lung capacity (TLC). 
time data (b) where the semi-infinite approximation for the Reprinted with permission from Patz et al. (2007, 2008) 



sive quantity, one can continue to make measurements 
throughout the natural decay of the gas phase magneti- 
zation and this significantly increases the efficiency of 
data collection. 

A typical example from recently reported CSSR re- 
sults in healthy humans (Patz et al. 2008) is shown in 
Fig. 4.2.5. For diffusion times less than -100 ms, the be- 
havior of F(t) is described quite well by a diffusive Vt de- 
pendence as demonstrated by the red line in Fig. 4.2.5. 
Initial measurements from four healthy subjects at mul- 
tiple lung volumes (Patz et al. 2008) were undertaken 
to measure S A /V gas as a function of lung volume. Fig- 
ure 4.2.6 shows the data after converting the measured 
slope (see Eq. 2) to S A /V gas using literature values for 
A-0.1 andD diss ~3xlO~ 6 cm 2 /s (Sta and Eckmann 2003). 
Note that, as expected, as lung volume increases, S A / V gas , 
decreases (Gil et al. 1979). Note also that the fits to the 
CSSR data include a DC offset term F : F(t) =F + K Vt. 
This is necessary because the shortest diffusion time at 
0.2 T was 17 ms, during which one estimates 129 Xe dif- 
fuses within the parenchyma by ~3 |im, thereby saturat- 
ing the thinner, connective tissue portions of the septa. 
These thinner regions remain saturated at all longer dif- 
fusion times and therefore appear as a DC offset. Thus, 
the time-dependent diffusion that was observed most 
likely corresponds to the thicker portions of the septa 
occupied by capillaries. Consequently, these CSSR-de- 
termined values of S A /V gas should be smaller than those 
obtained from histology. A comparison with literature 
values (Coxson et al. 1999) shows this to be the case; 
these values are -40% lower than those obtained mor- 
phometrically from humans post lobectomy. 



S A /Vg as is important because septal surface area is 
lost in emphysematous disease. In fact, the "gold stan- 
dard" method in which emphysematous damage is de- 
termined in animal research is to sacrifice the animal, 
fix the lungs and then measure what is known as the 
mean linear intercept L m by examining sections under 
the microscope. L m is the mean distance between air 
and gas portions of the parenchyma on a microscope 
slide. Mathematically, S A /V T = 2/L m where Vt is the total 
volume = Vgas + Vd iss . Thus apart from a small correc- 
tion factor to convert Vt to V gas , 129 Xe interphase diffu- 
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Fig. 4.2.6. Alveolar surface area per unit volume of gas as 
a function of lung volume normalized to total lung capacity 
(TLC). Data was obtained from four normal, healthy adults. 
Note that HS stands for "Human Subject". Also note that to 
convert from S A /Vg as to K, a value of SJVgu =100 cm" 1 cor- 
responds to K = 0.0195s" 1/2 . Reprinted with permission from 
PATzet al.(2008) 
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sion experiments can non-invasively measure the same 
quantity as the "gold standard" histology method. 

Similar methods have been used by several other in- 
vestigators in animals (Ruppert et al. 2000a, b, 2004; 
Mansson et al. 2003; Driehuys et al. 2006; Abdeen 
et al. 2006; Cai et al. 2006) with great success. Ruppert 
et al. (2000b) performed CSSR in a canine model and 
measured the time dependence of the dissolved phase 
peaks. Mansson et al. (2003) reported 129 Xe diffusion 
results in a rat model and fit their data to a ID diffu- 
sion model that included a three compartment model: 
gas, parenchymal boundary layer, and red blood cells. 
They obtained estimates for alveolar wall thickness, pul- 
monary perfusion, capillary diffusion length and mean 
transit time of the blood in the gas exchange region. 
Driehuys et al. (2006) reported 129 Xe diffusion studies 
in rats treated with bleomycin as a model of interstitial 
disease. A time lag in the red blood cell spectral peak 
of the diseased animals was observed and confirmed 
with histology. Then, by directly sampling the dissolved 
phase signal, but after a suitable time delay that allowed 
129 Xe to diffuse from gas spaces into the red blood cells 
in the normal lung but was not long enough to allow it 
to diffuse into the red blood cells of the diseased lung 
with a thicker parenchymal boundary between alveolar 
gas and red blood cells, striking images were obtained 
demonstrating a gross difference between a treated and 
untreated lung in the same animal. Also, Abdeen et al. 
(2006) utilized measurements of xenon diffusion into 
septal tissue and gas phase imaging to measure lung vol- 



ume and gas transfer constants. Combining these with 
a measured end inspiratory pressure during a breath- 
hold experiment, they obtained a diffusing capacity of 
xenon for lung parenchyma and red blood cells. Finally, 
Cai et al. (2006), comparing healthy rabbits to those 
with a model of emphysema, demonstrated in a study of 
eight rabbits, a high degree of correlation between the 
slope of the XTC depolarization curve and S a /Vt as de- 
termined by morphometry. 



4.2.6 

Interphase Diffusion Using Xenon Transfer 

Contrast (XTC) 

Direct imaging of the dissolved phase signal in the lung, 
where the signal from the dissolved phase magnetiza- 
tion is split up into the number of imaging voxels, can 
be difficult (Muradian et al. 2006). This is because the 
dissolved phase magnetization is only -2% of that in 
the gas phase. Animal experiments are much more fea- 
sible (Ruppert et al. 2004; Driehuys et al. 2006) be- 
cause tidal volumes are much smaller and a single batch 
of polarized gas can be used for many signal averages. 
Therefore, for human images of interphase diffusion 
between alveolar gas spaces and septal tissue, the XTC 
method developed by Ruppert et al. (2000a) was used. 
As originally implemented, XTC is a two breath proto- 
col, which works well for an anesthetized animals. This is 
problematic, however, for alive, awake humans because 
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Fig. 4.2.7. Schematic of single breath XTC method. The attenuation between the control images 
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of reproducibility issues between two static breath-hold 
experiments. For this reason, the technique was modi- 
fied to a single breath (SB-XTC) method (Patz et al. 
2007, 2008) (Fig. 4.2.7). 

XTC measures the diffusion into the dissolved phase 
indirectly by looking at the attenuation in the gas phase 
signal after multiple opportunities for interphase diffu- 
sion. If the gas phase magnetization decays by a fraction 
r, then after n opportunities for interphase diffusion, 
the gas phase magnetization will decay by f 1 . Typically 
r~0.99 and rc=44, from which one would predict to see 
the gas phase magnetization attenuated by a factor of 
(0.99) 44 =0.64. 

Ruppert et al. (2000a) implemented XTC by two 
separate breath hold experiments. One experiment, the 
control experiment, measures the voxel by voxel attenu- 
ation due to two "unwanted" sources of attenuation, i.e. 
Ti decay due to the presence of oxygen and depletion of 
the 129 Xe magnetization reservoir due to the RF pulses 
used for imaging. A second XTC experiment mea- 



sures the attenuation from the two "unwanted" sources 
as well as that due to interphase diffusion. The inter- 
phase diffusion part can then be solved for by using 
the results from the control experiment to remove the 
"unwanted" sources of attenuation in the XTC experi- 
ment. A typical example of data obtained with SB-XTC 
from a healthy subject in the supine position is shown 
in Fig. 4.2.8. These images were acquired at a lung vol- 
ume of 47% of TLC, which is close to FRC. Imaging pa- 
rameters were (matrix 64 readout) x 32 (phase encode), 
pixel size 4.69 mm x 9.38 mm, TE/TR = 5.23/28.47 ms, 
FOV=300 mm, readout bandwidth = ±2893.5 Hz). The 
interphase diffusion time was chosen to be 62 ms in or- 
der to lie well within the early time regime, i.e. F lin- 
ear with yt, that was measured with CSSR. Fig. 4.2.8a-c 
shows the three acquired SB-XTC images, from which 
a map of F XT c is calculated as shown in Fig. 4.2. 8d. The 
histogram for Fig. 4.2. 8d is shown in Fig. 4.2. 8e and 
Fig. 4.2. 8f shows <F XT c> (averaged right/left) as a func- 
tion of superior/inferior position. Note that there is a 
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Fig. 4.2.8 a-f. Example of coronal projection images obtained 
with the SB-XTC method during a breath-hold at 47% of TLC. 
Image c has been scaled to remove the attenuation observed 
from a to b due to 7\ relaxation and RF pulses so that the ob- 
served attenuation from b to c is only due to 129 Xe diffusion 



between gas and tissue phases. The subject is in the supine po- 
sition. A volume of 1 L of 86% enriched 129 Xe was inhaled. Also 
shown are d the resulting F X tc map, e its histogram and f a plot 
of the Fxtc as a function of superior (apex)/inferior (base) 
position. Reprinted with permission from Patz et al. (2008) 
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superior/inferior gradient in <F XT c> despite the fact that 
the subject is supine. In identical experiments acquired 
at a higher lung volume (Patz et al. 2007) this gradi- 
ent disappears. This behavior is consistent for a number 
of subjects (Muradian et al. 2007) and believed to be 
due to a residual memory effect of being in the verti- 
cal position for a substantial portion of our lives. Closer 
to TLC, the lung is expected to be more homogeneous, 
which supports this observation that any residual gradi- 
ent disappears at higher lung volumes. 

An important question is whether or not F X tc can 
be directly converted to SJV gas in a similar manner 
as Fcssr- This is still an open question. Ruppert et al. 
(2004) argue that for very long interphase diffusion 
times U Fxrc(t) = 2F CS srM- In a direct comparison, whole 
lung spectroscopic measurements of both F XT c and F CS sr 
vs t on the same subject were performed under identi- 
cal conditions (Patz et al. 2008). This very preliminary 
data showed K X tc/^cssr = 2.52±0.17, where K is the 
slope of F vs Vf. Wang et al. (2008) have also recently 
presented results demonstrating that the very early time 
dependence has multiple time constants, indicating that 
different dissolved state components have different ki- 
netics. 

Ultimately, one would like to have spatial maps of 
the F(t) curve in order to obtain regionally specific 
functional information about the lung. This would po- 
tentially provide unique functional information about 
the lung from a noninvasive test. However, this will 
require a high throughput polarizer (~10L/hr @ 50% 
polarization). Using the images in Fig. 4.2.8 as an ex- 
ample, a separate breath-hold experiment, each using 
~ 1 L of hyperpolarized 129 Xe, will be necessary to obtain 
regional data for a single diffusion time. And multiple 
diffusion times will need to be acquired to obtain data 
similar to Fig. 4.2.5 for each image voxel. 



4.2.7 

Clinical Potential 

Current day pulmonary diagnostic methods are lack- 
ing in many ways. Spirometry and pulmonary function 
tests only provide global measures of lung function. 
And in addition, these tests measure the cooperative 
behavior of the lung and do not differentiate between 
specific sub -components of lung function. Computed 
tomography (CT) is often used to clinically diagnose 
and follow subjects with emphysema and interstitial 
lung disease. However, CT is a measure of lung density 
and cannot differentiate between alveolar surface area 
and septal thickness; rather it is sensitive to the prod- 
uct of these quantities, which determines tissue density. 



Further, CT uses ionizing radiation, which is particu- 
larly unsuitable for repeat studies in pediatric patients. 
The fact that xenon follows a similar pathway as oxygen 
and that its kinetic behavior can be followed with MR 
offers an unprecedented opportunity to obtain func- 
tional information about the lung non-invasively The 
scientific community now needs to perform studies to 
demonstrate definitively that hyperpolarized 129 Xe can 
positively influence clinical management and outcome. 
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4.3.1 
Introduction 



KEY POINTS 



Fluorine MRI of the lung is an interesting new ap- 
proach that may have the potential for broader use 
than MRI based on hyperpolarized gases like He-3 
or Xe-129. Although in general the image quality 
is worse in fluorine MRI than that obtained with 
hyperpolarized gases, the latter approach has the 
advantage of very simple requirements: only an 
MRI system with non-proton imaging capabilities 
and a dedicated fluorine- 19 MRI coil are required. 
Fluorinated gases do not need complex treatment 
before use - this makes their application less de- 
manding on the local infrastructure and, poten- 
tially, may also reduce costs. However, currently, 
the most significant drawback of these gases is that 
they have not yet been approved for human appli- 
cation. 



The low proton spin density usually makes the lung 
appear black on conventional clinical H-l MRI. In- 
trapulmonary gas can be visualized directly if special 
provisions are made to optimize the SNR, e.g., by sig- 
nificantly enhancing the level of nuclear polarization 
(i.e., hyperpolarized He-3 or Xe-129), or alternatively by 
using extensive spatial and temporal signal averaging. 
The latter approach is particularly useful if it is used in 
combination with short Tl gases, because in this case 
imaging times remain within acceptable limits for in 
vivo use. Such gases are fluorinated gases like sulphur 
hexafluoride (SF 6 ), hexafluoroethane (C 2 F 6 ; Fig. 4.3.1), 
tetrafluoromethane (CF 4 ), and octafluorobutane (C 4 F 8 ). 
These gases are chemically inert, demonstrate no toxic 
effects, and they contain multiple F-19 atoms, which - 
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for a particular type of gas - all resonate at the same 
Larmor frequency. Moreover, and of particular use for 
imaging, their Tl relaxation time at 1.5 T, atmospheric 
pressure, and room temperature ranges from a few mil- 
liseconds for SF 6 (1.7 ms) up to 42 ms for C 4 F 8 (Kuethe 
et al. 1998). 



4.3.2 

Principles of F-19 MRI of Fluorinated Gases 

4.3.2.1 

Imaging Strategy 

The signal-to-noise ratio (SNR) on an MRI image ob- 
tained from a fluorinated gas with a single chemical 
shift component is proportional to a variety of factors 
(Eq. 4.3.1): 



70 



W.G. Schreiber 




Fig. 4.3.1 Magnetic resonance imaging of the lung using dif- 
ferent approaches. Left: conventional H-l image of a human 
thorax and abdomen. The lung is largely dark. Center: hyper- 
polarized He-3 image of a healthy volunteer obtained within 



a measurement time of 1 s. Right: F-19 MRI of a porcine lung 
obtained within 25 min during ventilation with a 70/30% mix- 
ture of C 2 F 6 and oxygen. No hyperpolarization of the gas was 
performed in the F-19 image 



SNR oc k Seq ,Ti,R 9 PV voxel VNEX 

where kseqjijR denotes a proportionality factor depend- 
ing on the pulse sequence type (e.g., spoiled gradient 
echo, fast low angle shot), imaging parameters (e.g., TR, 
flip angle, bandwidth), and gas parameters (e.g., T\, dif- 
fusion coefficient, number of atoms per molecule), p de- 
notes the density of the gas, P nuclear polarization, V voxe i 
the volume of the voxel, and NEX the number of sig- 
nal averages used for image reconstruction. Increasing 
V voxe i, i.e., spatial averaging, is particularly effective in 
improving the SNR: increasing typical voxel dimensions 
(1x1x5 mm 3 ) to acceptable voxel dimensions for lung 
MRI (5x5x20 mm 3 ) results in an SNR improvement of 
5x5x20=500 times if all other imaging parameters are 
kept fixed. Further improvement can be achieved if a 
gas with multiple atoms per molecule is used. 

What is the influence of the pulse sequence? Assum- 
ing a spoiled gradient echo pulse sequence, the optimal 
SNR depends on TR/T\, where TR is the pulse sequence 
repetition time, and Ti denotes the Ti relaxation time of 
the gas. In consequence, if Ti is short, TR may be short 
as well. Comparing the T : of F-19 atoms in SF 6 (1.6 ms) 
with the Ti of protons in blood (1,400 ms) shows that 
TR may be reduced by a factor of 1,400 ms/1.6 ms=875 
without losing signal intensity from saturation of the 
magnetization due to excessive radio frequency puls- 
ing. Alternatively, imaging time may be kept fixed at 
longer times, but multiple signal averages can be used 



(improvement of the SNR according to Eq. 4.3.1 by a 
factor of V875^30). 

The combination of these approaches is sufficient to 
obtain reasonable SNR from intrapulmonary fluorinated 
gases: the total SNR improvement at scan times similar 
to that required for H-l MRI of blood can be more than 
a factor of 500x30=15,000. This is sufficient to compen- 
sate for the three orders of magnitude lower spin density 
of gases than that of solid tissue or fluids (Fig. 4.3.1). 



4.3.2.2 
Gases 

Fluorinated gases are characterized by their physi- 
cal characteristics as well as their MR parameters (Ta- 
ble 4.3.1). It is evident that these gases have significantly 
higher molecular weight than the respiratory gases that 
would be the gases of main interest, but have no usable 
magnetic properties. At this time it is unclear how dif- 
fering molecular weights and viscosity influence the 
spatiotemporal distribution of the different fluorinated 
gases in the lung and, in consequence, their diagnostic 
value. 

The Ti relaxation time not only determines the op- 
timal TR (see above), but also the required echo time 
and, hence, imaging bandwidth. Therefore, in our ex- 
perience C 2 F 6 and C 4 F 8 produce better images than SF 6 
and CF 4 because they do not require extremely short 
echo times and high receiver bandwidths. In general, 
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imaging bandwidths to the order of 100-200 Hz/pixel 
can be used successfully with these gases. 

More detailed information on adequate imaging 
parameters can be obtained from the computer simula- 
tions shown in Fig. 4.3.2. For a given MR system and 
with a given field of view, the readout bandwidth per 
pixel defines the minimum pulse sequence repetition 
time (TR) and echo time (TE). Moreover, the band- 
width per pixel influences the noise of the images. It 
turns out that despite the very short T\ relaxation time 



of SF 6 (and CF 4 ) it is better to use medium bandwidth 
pulse sequences with 400-500 Hz/pixel rather than 
the shortest possible TE and TR, i.e., the highest pos- 
sible bandwidth. For a gas with a T x relaxation time of 
several milliseconds (C 2 F 6 ) and in particular for C 4 F 8 , 
it is better to use a lower bandwidth and longer echo 
times, because the longer readout period significantly 
reduces the image noise without compromising the 
signal intensity by T 2 relaxation until the gradient echo 
appears. 



Table 4.3.1 Properties of gases for MRI of the lung 



Gas 


Chemical 
structure 1 


Molecular- 
weight 1 


Density 

(kg/m 3 ), 

@ 1.013 bar, 288 K a 


Viscosity 
(^Pa s) 
@273 K a 


Solubility 
(mg/L water) 3 


Larmor frequency 

(MHz) 

@1.5T 


Ti (ms) 
@1.5T, 
293 K 


SF 6 


F 
F x 1 /F 

S 
F / 1 \ F 

F 


146.056 


6.27 


14.2 


41 


59.81026 


1.81 + 0.01 


C 2 F 6 


F3C-CF3 


138.02 


5.84 


13.64 


n.a. 


59.80167 


7.83 + 0.02 


CF 4 


F 

1 

F-C-F 

1 
F 


88.01 


3.72 


16.1 


20 


59.80313 


1.88 b 


C 4 F 8 


F 2 C — CF 2 

1 1 
F 2 C — CF 2 


200.04 


8.82 


10.92 


140 


59.89879 


(47) 




He-3 




3 


0.13 


(20.0) 




(48.48) 


n.a. 


Xe-129 




129 


(5.90) 


(23.2) 




(17.66) 


n.a. 




N 2 




28.03 


1.185 


16.58 


20 






o 2 




31.9988 


1.354 


19.1 


39 






co 2 




44.01 


1.87 


13.73 


2,000 


- 





Larmor frequencies and Ti relaxation times are given only for fluorinated gases (own unpublished data, if not stated otherwise). 
For comparison, physical parameters are also given for He-3 and Xe-129 as well as for physiologic respiratory gases 

a Air liquide 

b MoHANTY and Bernstein (1970) 
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Fig. 4.3.2 Computer simulation of the relative signal intensity for a spoiled gradient echo 
pulse sequence on a clinical MRI system as a function of pulse sequence bandwidth per pix- 
el, if imaging is performed at the Ernst angle for each gas and for the shortest pulse sequence 
repetition time possible at a specific bandwidth per pixel (full k-space acquisition, centric 
echo position). Because of the short Ti relaxation time of SF 6 and CF 4 gas, both require a 
relatively high imaging bandwidth (i.e., short TR and TE). For the other two gases longer 
echo times can be used, i.e., a lower imaging bandwidth 



4.3.3 

Application of Fluorinated Gas Imaging 

4.3.3.1 

Animal and Ex Vivo Studies 



It is interesting to note that F-19 MRI of CF 4 was per- 
formed in dogs as early as 1984 (Rinck et al. 1984). 
However, imaging times lasted 4 h at that time; this is 
impractical for human use and also for most preclinical 
studies. 

This methodology was improved using SF 6 and state- 
of-the art MR technology for the in vivo imaging of rats 
(Kuethe et al. 1998) and pigs (Schreiber et al. 2001). 
The pig study showed that even single breath-hold scan 
times can be achieved by using the spatial and temporal 
averaging techniques described above and using mod- 
ern scanner hardware. Recently, subsecond scan times 
were obtained in pigs using C 2 F 6 gas after optimizing 
the imaging bandwidth according to the simulations 
shown in Fig. 4.3.2 (Wolf et al. 2006). Moreover, the 
image quality achieved was sufficient to measure wash- 
in time constants of C 2 F 6 gas during a multiple -breath 
wash -in maneuver. 

An interesting physiologic application of F-19 MRI 
using SF 6 gas has been demonstrated by Kuethe et al. 
(2000). They performed imaging of SF 6 at two different 



oxygen concentrations. In regions with a low ventila- 
tion-perfusion ratio intrapulmonary oxygen enhances 
rapidly if high oxygen concentrations are inspired. By 
comparison with an image obtained at a low inspira- 
tory oxygen concentration they were able to identify 
obstructed rat lungs (Kuethe et al. 2000). In a subse- 
quent study (Chang and Conradi 2006), the depen- 
dence of the Ti relaxation time of SF 6 was used for the 
mapping of the regional distribution of the ventilation- 
perfusion ratio in a rat lung obstruction model (Adol- 
phi and Kuethe 2008). 

Diffusion of fluorinated gas can be measured to 
probe the lungs microstructure using similar method- 
ology to that of hyperpolarized gas imaging, i.e., using 
short bipolar diffusion gradients between the radio- 
frequency pulse and the data readout of the pulse se- 
quence. Two factors complicate the measurement of the 
apparent diffusion coefficient (ADC) of a fluorinated 
gas in the lung. First, because of the higher molecular 
weight of fluorinated gases with respect to He- 3, diffu- 
sion is much slower, i.e., diffusion gradients need to be 
stronger and/or longer. The latter approach of obtaining 
sufficient diffusion weighting is limited by the second 
problem, i.e., the short Ti and T 2 relaxation times. For 
most of the gases under consideration these short relax- 
ation times limit the duration of the diffusion gradients 
and, thus, the achievable diffusion weighting. Despite 
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Fig. 4.3.3 Coronal fluorine MRI in a human volunteer ob- 
tained after inspiration of four breaths of a 78% SF 6 /22% oxy- 
gen gas mixture (no slice selection). The image demonstrates 
the expected homogenous distribution of SF 6 gas in the lung 



one order of magnitude longer than that used for hy- 
perpolarized gas imaging. It appears that most of the 
measurement techniques available with hyperpolarized 
gases may also become available with fluorinated gases, 
although differences in the imaging protocol may be re- 
quired (i.e., multiple breath wash-in of the fluorinated 
gas rather than single -bolus He-3 measurements). How- 
ever, the image quality appears to be sufficient to obtain 
functional and/or physiologic information from, for ex- 
ample, dynamic studies. 

In conclusion, fluorine MRI is a promising new ap- 
proach for MRI of the lung which is currently limited 
to animal studies. However, the low toxicity of the inert 
fluorinated gases in combination with low costs may 
make it an interesting new diagnostic tool in the future. 



these complications, Ruiz-Cabello et al. (2005) and 
Jacob et al. (2005) have been able to measure the ADC 
in rats in vivo and in excised human lungs respectively. 
In the latter study, a reduction of the free diffusivity of 
C 2 F 6 gas (ADC =0.033 cm7s) to 0.018 cm7s was found 
in normal lung tissue, while in emphysematous lungs 
the diffusivity was almost equal to that of freely diffus- 
ing C 2 F 6 gas (0.031 cm 2 /s). 
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4.3.3.2 

Human Application of 19 F-MRI 

Currently, all published data on fluorine MRI of the 
lung have been obtained from animals or from excised 
human lungs because the gases are not approved for 
human use. Recently, we have obtained under condi- 
tions of a controlled clinical investigation and with 
approval of the local ethics committee the first images 
in a healthy human volunteer after inspiration of four 
breaths of a mixture of 78% SF 6 gas and 22% oxygen 
(Fig. 4.3.3; Wolf et al. submitted). The inspiration of 
this gas was well tolerated by the volunteer, and neither 
sP0 2 nor blood pressure levels were significantly altered 
during or after the experiment. 

Although this is promising in terms of the future 
use of fluorinated gases, more data are required before a 
broader application of these gases in regular patient or 
volunteer studies becomes feasible. 



4.3.4 
Conclusion 

Compared with hyperpolarized gases, the quality of 
images obtained using fluorinated gases is often sig- 
nificantly lower, or the measurement time is at least 
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KEY POINTS 



The direct visual assessment of the lung paren- 
chyma and imaging of lung ventilation using pro- 
ton MRI is considerably more difficult than MRI 
of most other organs due to the very low signal in- 
tensity of the lung parenchyma. The low signal in- 
tensity is caused by the low average proton density 
and the short T 2 * relaxation time of lung tissue. 

Several methods for proton-MRI-based ventila- 
tion measurements have been proposed in order 
to overcome these difficulties. Currently the most 
established technique is oxygen- enhanced MRI of 
the lung, employing inhaled molecular oxygen as 
a Ti- reducing contrast agent, which enhances the 
signal of the protons in the lung. The clinical ap- 
plication of oxygen- enhanced lung MRI has been 
assessed in several studies. Main advantages of ox- 
ygen-enhanced MRI are the general availability of 
oxygen and the relative safety of oxygen adminis- 
tration. Potential limitations of oxygen-enhanced 
lung MRI are the relatively low signal enhance- 
ment corresponding to a T x reduction of about 
10 %, and the complex contrast mechanism with 
contributions due to ventilation, perfusion, and 
oxygen- diffusion properties of the lung. 

Newer techniques based on non-enhanced dy- 
namic MR acquisitions appear to be a promising 
tool for ventilation assessment that may be avail- 
able in the near future. Other proposed techniques 
such as imaging after administration of aerosolized 
gadolinium contrast agents or after infusion of wa- 
ter-in-perfluorocarbon emulsions into the lung re- 
quire still considerably more research before they 
might become applicable in clinical MR imaging. 
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4.4.1 
Introduction 

Magnetic resonance proton imaging of the human lung 
is considerably more difficult than proton MRI of most 
other organs or tissues due to the very low signal inten- 
sity of the lung parenchyma in acquisitions with practi- 
cally all available pulse sequences. The low signal inten- 
sity is caused by the low average proton density and the 
short T 2 * relaxation time of lung tissue. Both properties 
are a consequence of the heterogeneous microstructure 
of the lung parenchyma which consists mainly of micro- 
scopic air-filled alveoli with a large interface between air 
spaces and tissue or blood. Hence, the physical density 
(and consequently the proton density) of the lung tis- 
sue is very low and, in addition, large local variations 
of susceptibility occur within small spatial scales. These 
susceptibility variations influence the homogeneity of 
the static magnetic field and, thus, the Larmor frequen- 
cies of the protons within a single image voxel, which 
leads to substantially reduced T 2 * relaxation times. A 
direct visual assessment of the lung parenchyma is 
therefore generally difficult with conventional proton 
MRI. 

Several techniques have been proposed to over- 
come these limitations of proton MRI of the lung and 
to improve the visualization either of the lung paren- 
chyma or of inhaled gas in order to directly depict pul- 
monary ventilation. Direct visualization of the inhaled 
gas is possible with hyperpolarized noble gases such 
as helium-3 or xenon- 129 and is described in detail in 
Chaps. 4.1 and 4.2, respectively. An alternative approach 
is based on fluorine- 19 MRI of inert fluorinated gases 
and is discussed above in Chap. 4.3. All these techniques 
require a certain amount of additional hardware - at 
least specifically adapted radio-frequency (RF) equip- 
ment such as RF receive coils tuned to the Larmor fre- 
quency of helium, xenon, or fluorine, and, for MRI of 
hyperpolarized noble gases, also complex and expensive 
hardware devices to prepare the hyperpolarized state of 
the gases. 

Alternative approaches are based on the visualiza- 
tion of the optimized or enhanced proton signal of the 
lung tissue, i.e. ventilation is measured indirectly in 
contrast to the direct visualization of the inhaled gases 
mentioned above. Several different methods have been 
proposed that will be described in detail below: non- 
enhanced ventilation measurements based on signal 
changes (Zapke et al. 2006; Topf et al. 2006; Marcus 
et al. 2007) or tissue -displacement tracking (Voorhees 
et al. 2005) in dynamic MR acquisitions during respira- 
tion, contrast- enhanced lung MRI using inhaled aero- 
sols of gadolinium-based contrast agents (Berthezene 



et al. 1992; Sue a et al. 2002a; Haage et al. 2005) 
or administering water-in-perfluorocarbon emulsions 
(Huang et al. 2002, 2004), and oxygen- enhanced lung 
MRI (Edelman et al. 1996; Chen et al. 1998; Loffler 
et al. 2000) exploiting the Ti-shortening effect of inhaled 
molecular oxygen (0 2 ). An obvious advantage of these 
techniques is that standard RF equipment available for 
conventional proton MRI can be used. However, the 
contrast is generally lower than in direct visualization of 
ventilation and the interpretation of the measured sig- 
nal is more difficult due to the indirect nature of these 
imaging approaches. 

Of these proton-MRI approaches, oxygen-enhanced 
imaging of the lung is by far the most established 
technique with a large number of published technical 
and clinical studies. Consequently, the main focus of 
the following sections lies on oxygen- enhanced lung 
MRI including the introduction of its physiological 
and technical basis, details of implementation such as 
multi- slice- acquisition techniques as well as triggering 
schemes, and discussion of the specific advantages 
and applications of parallel- imaging techniques. The 
alternative proton-MRI approaches for pulmonary 
ventilation MRI are subsequently presented in 
Sect. 4.4.3. 



4.4.2 

Oxygen-enhanced Lung MRI 

4.4.2.1 

Contrast Mechanism and Physiology 

Inhaled molecular oxygen (0 2 ) was first suggested in 
1996 by Edelman et al. as paramagnetic contrast agent 
for proton MRI of the lung. The underlying contrast 
mechanism of molecular oxygen is similar to the one of 
gadolinium-based contrast agents (although of a sub- 
stantially smaller extent): the longitudinal relaxation 
(Ti) of the protons of the blood is shortened depend- 
ing on the 2 concentration. The measured absolute T x 
values of lung tissue vary to a certain degree in different 
publications, and oxygen- induced relative T x reductions 
between 7 % and 14 % are observed after inhalation of 
pure oxygen (Table 4.4.1). This effective reduction re- 
sults from differently changed T x values of all protons 
that contribute to the voxel signal, i.e. it is averaged over 
all kinds of tissue such as blood, blood vessels, alveo- 
lar cells, and connective tissue within each single voxel. 
The most important contribution, however, is caused 
by the increased concentration of solved oxygen in 
the capillary blood of the lung. Hence, oxygen-based 
lung imaging provides combined information about 
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three physiological parameters (Edelman et al. 1996; 
Loffler et al. 2000): 

• The inhaled oxygen must reach the lung area under 
consideration; thus, sufficient ventilation of the area 
is a necessary precondition for oxygen-induced re- 
duction of Ti relaxation. 

• In addition, fresh capillary blood must be supplied 
in which the oxygen can be solved; lung perfusion 
therefore is a second requirement for the observa- 
tion of reduced T Y values. 

• Finally, the transition of the oxygen from the alveoli 
into the capillaries of the lung, i.e. molecular oxygen 
diffusion, is required for signal enhancement. 

Thus, oxygen-enhanced lung MRI can be regarded as 
imaging of "lung function" understood as the combina- 
tion of these three parameters. With respect to the con- 
tribution of perfusion in oxygen- enhanced lung MRI, 
a recently published study by Ley et al. (2007) is note- 
worthy. The authors demonstrate that lung perfusion is 
influenced by the inhaled oxygen concentration: a sig- 
nificantly increased perfusion was found during inhala- 
tion of oxygen compared to inhalation of room air. The 
consequences of this effect on oxygen- enhanced lung 
MRI have not yet been evaluated. 

As an alternative to TVbased oxygen- enhanced pro- 
ton MRI, the measurement of the oxygen-induced re- 
duction of transversal T 2 * relaxation has been proposed 
by Pracht et al. (2005). This technique is based on the 
T 2 * reduction by about 10 % from an original range 



between 1.7 ms and 2.0 ms during inhalation of room 
air to values between 1.2 ms and 1.7 ms during inhala- 
tion of pure oxygen. The measurement of this effect is 
difficult and prone to systematic errors because of the 
extremely short T 2 * relaxation times. This approach, 
however, might be useful to determine ventilation 
properties with reduced contributions of perfusion and 
diffusion effects. 



4.4.2.2 

MRI Pulse Sequences 

Several pulse sequences can be employed for oxygen- 
enhanced Ti -weighted lung MRI provided the follow- 
ing prerequisites are fulfilled: 

• The pulse sequences must provide sufficient T x 
weighting to be sensitive to the oxygen- induced T x 
shortening. This is usually achieved by a magnetiza- 
tion preparation with an inversion pulse (180° pulse, 
inversion-recovery technique). Typical inversion 
times between the 180° pulse and the readout are 
either about 700 ms (Edelman et al. 1996; Stock 
et al. 1999; Ohno et al. 2001; Vaninbroukx et al. 
2003; Naish et al. 2005) or about 1300 ms (Lof- 
fler et al. 2000; Muller et al. 2002; Mai et al. 2003; 
Dietrich etal. 2005). 

• Fast data acquisition is recommendable to reduce 
motion artifacts caused by cardiac motion, blood 
flow, and respiration. Single -shot sequences (with 



Table 4.4.1. Ti relaxation times of lung tissue 





£„(T) 


T 1 (ms) breathing 
room air 


T 1 (ms) breathing 
pure oxygen 


T 1 reduction 


Edelman etal. (1996) 


1.5 


913 


837 


9.3 % 


Chen etal. (1998) 


1.5 


1352 


1183 


12.5 % 


Stock etal. (1999) 


1.5 


904 


790 


12.6 % 


0.2 


632 


586 


7.3 % 


Loffler et al. (2000) 


1.5 


1219 


1074 


11.9 % 


Nakagawa et al. (2001) 


1.5 


1147 


1070 


6.7 % 


Jakob etal. (2001) 


1.5 


1249 


1141 


8.6 % 


Mai et al. (2002) 


1.5 


1399 


1207 


13.7 % 


Jakob et al. (2004) a 


1.5 


1298 


1160 


10.6 % 


Dietrich et al. (2006b) 


3.0 


1281 


1102 


14.0 % 



a Ti relaxation times calculated from Ti(0) and oxygen transfer function (OTF) 
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complete data acquisition after a single excitation) 
and very fast gradient- echo sequences have suc- 
cessfully been employed in order to avoid motion- 
related effects. 
• The pulse sequences should be insensitive to varia- 
tions of susceptibility and to short T 2 * relaxation 
times; this requirement excludes echo-planar tech- 
niques or gradient-echo sequences with non-ultra- 
short echo times. 

A pulse sequence with the listed properties that has 
been frequently employed for oxygen- enhanced lung 
MRI is e.g. the single-shot turbo-spin-echo sequence 
with centrically reordered k-space sampling, which is 
also known as RARE (rapid acquisition with relaxation 
enhancement) sequence (Chen et al. 1998; Stock et al. 
1999; Loffler et al. 2000; Muller et al. 2002; Van- 
inbroukx et al. 2003). A similar sequence with even 
shorter acquisition time is the half-Fourier-acquired 
single-shot turbo-spin-echo (HASTE) sequence (Edel- 
man et al. 1996; Ohno et al. 2001; Nakagawa et al. 



2001; Mai et al. 2003; Dietrich et al. 2005). Ohno 
et al. (2004) confirmed that the signal-to-noise ratio of 
HASTE sequences improve if the shortest possible inter- 
echo spacing, i.e. the shortest readout times, is used. 

Oxygen MRI of the lung at low fields below 0.5 Tesla 
has been performed with fast steady-state-free-preces- 
sion (SSFP) techniques such as the TrueFISP sequence 
(Muller et al. 2001). Finally, snapshot-FLASH se- 
quences with ultra-short echo times below 2 ms have 
been used for oxygen-enhanced lung MRI; these se- 
quences are particularly suited for the measurement of 
quantitative T Y maps (Jakob et al. 2001; Arnold et al. 
2007). All listed pulse sequences are typically combined 
with an inversion- recovery preparation to achieve suf- 
ficient Ti weighting. Puderbach et al. (2007) demon- 
strated that the chosen inversion-pulse type may influ- 
ence the assessment of oxygen enhancement. 

Ti-weighted saturation-recovery measurements in- 
stead of inversion- recovery measurements can be uti- 
lized for oxygen -enhanced lung MRI as well. The dy- 
namic signal range of saturation-recovery experiments 
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Mean value 
block 1 



Discarded Mean value 
acquisitions block 2 



Discarded Mean value 
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Discarded Mean value 
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Block 2 
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Block 3 
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Calculation of 
difference image 






Mean value blocks 2 and 4 



Mean value blocks 1 and 3 



Relative signal increase 



Fig. 4. 4.1a, b. Block paradigm for oxygen- enhanced lung 
MRI. a Data acquisition: Ti-weighted images are continu- 
ously acquired in four blocks with 4x20 repetitions; in blocks 
1 and 3 room air is supplied, in blocks 2 and 4 pure oxygen. 
The Ti-weighted signal varies relatively slowly after switching 
the gas supply and reaches exponentially its new steady state. 
Thus, several repetitions are discarded before calculating the 



pixel-by-pixel mean value of each block, b The relative signal 
increase (or relative enhancement ratio) is calculated as the dif- 
ference of the averaged images in blocks 2 and 4 on the one 
hand and 1 and 3 on the other hand, normalized to the aver- 
aged room air image. The lung parenchyma and the spleen ap- 
pear hyperintense in the difference map. Figure reprinted with 
permission from: Dietrich (2007b) 
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is only half as large as that of inversion-recovery ex- 
periments; consequently, the contrast-to-noise ratio of 
oxygen-induced signal changes is smaller as well. On 
the other hand, the saturation preparation is generally 
more robust than inversion preparation, particularly 
in the presence of B Y inhomogeneities. Thus, especially 
at higher field strengths such as 3 Tesla, saturation-re- 
covery measurements may be advantageous compared 
to inversion-recovery measurements (Dietrich et al. 
2006b). In addition, imaging time can be reduced, since 
no longitudinal relaxation is required between readout 
and the following preparation (Naish et al. 2005). 



4.4.2.3 

Acquisition Paradigms and Data Evaluation 

Several approaches for the acquisition and qualitative 
or quantitative data evaluation of oxygen-enhanced 
lung MRI have been proposed. A relative simple tech- 
nique for the visualization of the ventilated lung tissue 
is based on difference images: Difference maps of 7V 
weighted images acquired during the inhalation of oxy- 
gen on the one hand and of room air on the other hand 
show the lung parenchyma hyperintense relative to the 
surrounding tissue due to the change of longitudinal re- 
laxation after 2 inhalation. Typically, a block paradigm 
is used for data acquisition consisting of alternating 
blocks with inhalation of room air and oxygen as illus- 
trated in Fig. 4.4.1. The acquisition of several repetitions 
is required since both the expected signal difference and 
the signal-to-noise ratio of the lung tissue are relatively 
small. Thus, averaging of, e.g., 20-40 times repeated ac- 
quisitions breathing oxygen and of a similar number of 
acquisitions breathing room air is used to increase the 
signal-to-noise ratio of the resulting difference maps. 

The signal difference, AS, can be either visualized 
directly (Chen et al. 1998; Stock et al. 1999; Mai et al. 
2000; Nakagawa et al. 2001): 

Ao = 002 — ^room air 

or as relative difference, AS re i a tive> (or relative enhance- 
ment ratio, RER) after pixelwise normalization to the 
room-air signal (Edelman et al. 1996; Muller et al. 
2002; Ohno et al. 2002; Dietrich et al. 2005; Arnold 
etal.2007): 



AS, 



relative 



RER: 



S02 



-»room air 



Calculating absolute or relative difference maps is a 
relatively simple way to visualize lung function and 



can be performed on most MRI systems without ad- 
ditional post-processing software. In order to calculate 
these difference maps, however, it must be taken into 
consideration that a certain time interval is required 
after switching the gas supply from air to oxygen (and 
vice versa) until T x (and, hence, the T x -weighted signal 
intensity) reaches a steady-state value as demonstrated 
in Fig. 4.4.1. This process is described by an exponen- 
tial change with time constants between 23 s and 83 s 
in healthy volunteers (Arnold et al. 2004; Naish et al. 
2005). 

The interval of intermediate signals between the 
steady states could be avoided by waiting a few minutes 
after switching the gas supply before the data acquisi- 
tion is continued (Mai et al. 2003). However, Muller 
et al. (2002) demonstrated that the slope of the signal 
increase correlates well with other clinical parameters. 
Hence, it appears useful to acquire data continuously 
in order to measure the intermediate signal dynamics 
as well and, thus, to be able to determine both the dif- 
ference image and the time constants or slopes of the 
signal change. Thus, when calculating relative or abso- 
lute difference maps, a certain number of acquisitions 
within each block of the paradigm should be discarded 
after switching the gas supply to avoid systematically de- 
creased differences. E.g., in a paradigm of 4x20 respira- 
tory-triggered acquisitions an optimized ratio of signal 
difference and statistical error was found if about 5-8 
acquisitions were discarded (Dietrich et al. 2006a). 

As an alternative to the evaluation of the absolute 
or relative difference of T Y -weighted images, it has been 
proposed by Mai et al. (2003) to compute the cross- 
correlation between the time-response function of each 
pixel in a series of T x -weighted acquisitions and the 
input function representing the paradigm of alternat- 
ing room air and oxygen administration. Based on this 
approach, Molinari et al. (2007) have introduced the 
fraction of oxygen -activated pixels (OAP %), i.e. the 
number of pixels with a correlation coefficient greater 
than 0.5 divided by the total number of pixels in the 
considered region of interest, in order to compare ac- 
quisitions of, e.g., healthy volunteers and patients. 

Finally, instead of the alternating administration of 
room air and pure oxygen, measurements can also be 
performed at more than two different concentrations of 
oxygen of e.g. 21 % (room air), 40 %,60 %, 80 %,and 
100 %. Based on quantitative T x measurements at these 
different 2 levels, the oxygen transfer function (OTF) 
can be determined as illustrated in Fig. 4.4.2 (Jakob 
et al. 2004). The OTF describes the change of T Y in lung 
tissue depending on the concentration of oxygen, C 02 > 
in the administered gas, i.e. it is similarly defined as the 
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Fig. 4.4.2a, b. Measurement of the oxygen transfer function 
(OTF). a Ti maps of a 30-year-old healthy female volunteer 
breathing different oxygen concentrations, C 02 . b A linear 
relationship between the oxygen concentration, C02, and the 
longitudinal relaxation rate, Ri, in the whole right lung. The 
fitted OTF and extrapolated relaxation time without oxygen, 
Ti(0), were (0.12±0.00) x 10" 2 s" 1 ( o/oCV 1 and 1449±2 ms, re- 
spectively, with an excellent correlation coefficient {R) of one. 
Reprinted with permission from Jakob et al. (2004) 



relaxivity of oxygen but does not require the measure- 
ment of the actual tissue concentration (in units of in 
mmol/L) of oxygen. The OTF is expressed in units of 
s" 1 ( %0 2 ) _1 and the change of T x is described by 



1 



1 



Ti(Coi) 71(0) 



OTF x C02 • 



lation of room air, and on T x -weighted images acquired 
for all other oxygen concentrations. In contrast to al- 
most all other studies evaluating oxygen- enhanced lung 
MRI, Arnold et al. (2007) used carbogen (i.e. 95 % 
oxygen, 5 % carbon dioxide) instead of pure oxygen as 
TVreducing contrast agent because carbogen is thought 
to be advantageous as a breathing gas during radiation 
therapy of patients with non-small-cell lung cancer. 



4.4.2.4 

Clinical Applications 

Oxygen-enhanced lung imaging has been evaluated 
in several studies demonstrating a good correlation 
between MRI parameters and conventional methods 
of lung diagnostics such as evaluation of the diffusion 
capacity of carbon monoxide (DLCO), the forced ex- 
piratory volume in 1 s (FEVi), or results of ventilation 
scintigraphy. Ohno et al. (2001, 2002) examined pa- 
tients with lung cancer and with lung emphysema and 
demonstrated a good correlation of the maximum sig- 
nal enhancement in oxygen-enhanced MRI on the one 
hand and FEVi and DLCO on the other hand. The same 
group described that oxygen- enhanced MRI could be 
used to successfully predict the postoperative FEVi in 
patients with bronchogenic carcinoma (Ohno et al. 
2005). Nakagawa et al. (2001) demonstrated in pa- 
tients with pulmonary embolism that oxygen-enhanced 
MRI did not show any ventilation defects in agreement 
with ventilation scintigraphy; in these patients ventila- 
tion contrast appears to dominate over the perfusion- 
and diffusion-based contributions. A study by Muller 
et al. (2002) in patients with various pulmonary diseases 
showed a good correlation between the signal slope after 
switching the gas supply to pure oxygen and the DLCO. 
Jakob et al. (2004) found in patients with cystic fibrosis 
that the oxygen transfer function correlates well with af- 
fected lung areas characterized by perfusion defects. In 
a study by Molinari et al. (2007), a significant smaller 
fraction of oxygen- activated pixels (OAP %) was found 
in patients with interstitial lung diseases than in healthy 
volunteers. 



4.4.2.5 

Advanced Techniques: 

Multi-slice Imaging 



To accelerate the acquisition of the required T x maps, 
a technique proposed by Arnold et al. (2007) can be 
used. Ti can be estimated for different concentrations of 
oxygen based on a single T x map measured during inha- 



Oxygen-enhanced MRI of the lung is based on 7V 
weighting sequences such as single-shot turbo-spin- 
echo techniques or ultra-fast gradient-echo techniques. 
Both sequence types require an additional TVsensitiz- 
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ing magnetization preparation that is usually realized as 
an inversion pulse. This 180° RF pulse (as well as the 
refocusing RF pulses of the turbo- spin- echo sequence) 
can be implemented either as slice-selective pulses that 
influence only the spins in a two-dimensional section 
or as non-selective pulses that invert all spins within the 
RF coil. Multi- slice acquisitions with the same inver- 
sion time for all slices can be performed only with slice- 
selective inversion and refocusing pulses. 

Most oxygen-enhanced imaging studies have been 
performed with non-selective inversion or refocusing 
pulses (Jakob et al. 2001; Nakagawa et al. 2001; Mai 
et al. 2003; Molinari et al. 2007) such that an inter- 
leaved inversion and acquisition of multiple slices is not 
possible. Hence, either single-slice imaging was used or 
the total duration of acquisition was considerably pro- 
longed in order to acquire up to four slices in successive 
imaging experiments. 

The acquisition time of multiple slices can be de- 
creased by employing slice-selective RF pulses and in- 
terleaving inversion preparation and image data read- 
out, i.e. the inversion time, TI, between inversion and 
readout of a single slice is used to invert one or several 
more slices as demonstrated in Fig. 4.4.3. A potential 
disadvantage of using slice-selective inversion can be 
an increased sensitivity to perfusion effects: the signal 
within the slice will be influenced by inflowing non- in- 
verted spins from outside the slice. To minimize this ef- 
fect, the thickness of the inverted slice can be increased, 
e.g. by a factor of 2, with regard to the thickness of the 
image slice. 



It has been demonstrated in a comparison of non-se- 
lective inversion and slice -selective inversion with dou- 
bled inversion slice thickness that similar results can be 
obtained with both techniques (Dietrich et al. 2005). 
The Ti -weighted images and calculated maps of relative 
signal increase showed some differences with respect to 
the signal within the pulmonary vessels. However, the 
signal increase in the large pulmonary vessels is less 
important for evaluation of the lung function than the 
signal distribution in the lung parenchyma which was 
similar for both techniques. 

A fast multi-slice acquisition for oxygen -enhanced 
lung imaging is particularly valuable in clinical studies 
that require an assessment of the complete lung and, at 
the same time, are to be combined with several other 
MRI acquisitions of the lung such as pulmonary MR 
angiography or perfusion imaging. Single-slice tech- 
niques are often not acceptable in these studies because 
of their limited anatomic coverage or their long acquisi- 
tion times. 



4.4.2.6 

Advanced Techniques: 

ECG and Respiratory Triggering 

Reliable triggering is particularly important for MRI 
of the lung because of the high level of motion in the 
thorax due to pulsatile blood flow, cardiac motion, 
and respiration. Vaninbroukx et al. (2003) as well 
as Molinari et al. (2006) demonstrated that oxygen- 
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Fig. 4.4.3. a Three repetitions of a single-slice inversion-re- 
covery HASTE sequence. Only a single slice is acquired; the 
inversion (180°) pulse as well as the refocusing pulses may be 
non-selective, b Three repetitions of a multi-slice inversion- 



recovery HASTE sequence. Six slices (shown in different col- 
ors) are acquired; inversion (180°) pulses and readouts are 
interleaved. All 180° RF pulses must be slice-selective. Figure 
reprinted with permission from: Dietrich (2007b) 
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enhanced MRI of the lung benefits from both ECG 
triggering and respiratory triggering in comparison 
to MRI without triggering. ECG triggering helps to 
acquire all repetitions in identical cardiac phases and 
to avoid motion artifacts due to acquisition during 
the systolic phase. Even more important is respiratory 
triggering to acquire all repetitions with identical po- 
sitions of the diaphragm, since the signal intensity of 
the lung parenchyma depends substantially on the re- 
spiratory phase (Mai et al. 2000; Bankier et al. 2004). 
The signal intensity typically varies by at least 50 % 
due to the change of proton density during respira- 
tion, and this signal variation is superimposed on the 
oxygen-induced signal increase. Different techniques 
for respiratory triggering have been applied including 
the frequently used pneumatic respiratory belts, pneu- 
motachographs triggering (Molinari et al. 2006), or 
navigator techniques (Molinari et al. 2007). It appears 
advantageous to choose end- expiration for image ac- 
quisition to obtain the maximal lung signal and a more 
uniform diaphragm position than after repeated inspi- 
rations (Losert et al. 2002). 

Thus, a combined application of ECG and respira- 
tory triggering should be incorporated in a fast T Y - 
weighting pulse sequence to facilitate robust oxygen-en- 
hanced MRI of the lung in clinical routine. If combined 
with a multi-slice inversion-recovery single-shot 
turbo-spin-echo sequence, a complex trigger scheme 
is required to move the data readout into the diastolic 
phase. A possible trigger and sequence scheme, which 
has been evaluated by Dietrich et al. (2005), is shown 
in Fig. 4.4.4; the acquisition is respiratory-triggered to 
start in end- expiration and an additional short delay, T D , 
is calculated from the ECG signal such that the actual 
data readout takes place in the diastolic cardiac phase. 
Since the acquisition of all six slices cannot be fitted 



into a single RR interval, the readout is divided into two 
parts with three HASTE readouts. 



4.4.2.7 

Advanced Techniques: Parallel Imaging 

Parallel imaging has been one of the biggest innova- 
tions in magnetic resonance imaging in the last decade. 
Parallel -imaging techniques, which are also known as 
(partially) parallel acquisition techniques, have been 
developed since the mid-1990s with the aim to acceler- 
ate image acquisition (Sodickson and Manning 1997; 
Pruessmann et al. 1999; Griswold et al. 2002; Lark- 
man and Nunes 2007; Schoenberg et al. 2007). The 
basic idea of parallel imaging is to employ several inde- 
pendent receiver coil elements in parallel to reduce the 
number of required phase-encoding steps for a given 
image matrix size. Thus, a certain amount of the spatial 
encoding originally obtained by the (time-consuming) 
phase encoding steps is now substituted by evaluating 
data from several coil elements with spatially different 
coil sensitivity profiles. The reduction of phase-encod- 
ing steps is achieved by decreasing the sampling den- 
sity in k-space, i.e. by k-space undersampling. Under- 
sampled data sets from each coil element are then used 
to reconstruct a single image corresponding to a fully 
sampled k-space. 

Parallel imaging has been demonstrated to pro- 
vide several advantages for single- shot MRI in general 
(Griswold et al. 1999; Dietrich 2007a) and, in par- 
ticular, for single-shot MRI of the lung (Heidemann 
et al. 2003; Eibel 2007) due to shorter echo trains, 
reduced blurring, and shorter echo times. For oxygen- 
enhanced MRI of the lung with the ECG- and respira- 
tory-triggered multi- slice sequence shown in Fig. 4.4.4, 
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Fig. 4.4.4. Inversion-recovery HASTE sequence with respira- 
tory (RSP) and ECG triggering. (1) Sequence starts in end-ex- 
piration. (2) After the next R wave, the delay T D is inserted and 
(3) the slice- selective inversion pulses for 2x3 slices are applied. 



(4) The delay T D has been calculated from the current heart 
rate such that all six HASTE readouts lie in the diastole. (5) 
The sequence is repeated in the next respiratory cycle. Figure 
reprinted with permission from: Dietrich (2007b) 
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parallel imaging exhibits specific advantages as a con- 
sequence of the reduced duration of the echo train, i.e. 
the shorter turbo- spin- echo readout. Using parallel 
imaging with an acceleration factor of 2, the number 
of echoes required for the acquisition of a 128x128 
matrix with a HASTE sequence can be reduced from 
72 to 36; thus, the total readout time can be decreased 
from 214 ms/slice to 115 ms/slice (for an echo spacing 
of 2.7 ms) including the time for signal excitation and 
spoiler gradients. In addition, a minimal echo time of 
1 1 ms instead of 19 ms without parallel imaging can be 
achieved. 

As a consequence of the shorter total readout time, 
the number of interleaved slices with inversion- recovery 
preparation acquired during end-expiration could be 
increased to six or more in contrast to only four slices 
without parallel imaging. The average required end- 
expiration time per repetition (cf. Fig. 4.4.4) to acquire 
six slices without motion artifacts could be significantly 
reduced from 4112 ms without to 2727 ms with parallel 
imaging (Dietrich et al. 2005) resulting in consider- 
ably increased robustness of the sequence against respi- 
ratory motion artifacts. The synergistic effects of par- 
allel imaging and oxygen-enhanced multi-slice MRI of 
the lung are discussed in much more detail in Dietrich 
et al. (2005) and Dietrich (2007b). 



Ti -weighted images acquired with the respira- 
tory- and ECG-triggered inversion-recovery HASTE 
sequence described above with and without parallel im- 
aging are shown in Fig. 4.4.5. The sequence was imple- 
mented on a 1.5-T whole-body MRI system (Magnetom 
Sonata, Siemens Medical Solutions, Erlangen, Ger- 
many) with a high-performance gradient system (maxi- 
mum gradient strength: 40 mTm -1 , maximum gradient 
slope: 200 T /m/s) and a dedicated parallel- imaging 
eight-channel surface-coil system. T x weighting of the 
HASTE sequence was achieved with an inversion time 
of 1300 ms. The echo time was 19 ms without and 1 1 ms 
with parallel imaging and the repetition time was one 
respiratory cycle (thus ranging between about 5 s and 
10 s). Up to six coronal slices were acquired with a field 
of view of 400x400 mm 2 , a 128 x 128 matrix, a slice thick- 
ness of 8 mm, and a gap between the slices of 16 mm. 
The GRAPPA algorithm (Griswold et al. 2002) was 
used for parallel- imaging reconstruction based on the 
24 central k- space lines for auto -calibration. The image 
acquisition was repeated 80 times in total, divided into 
4 blocks with 20 repetitions each. The subjects were ad- 
ministered room air in the first and third block, and ox- 
ygen in the second and fourth block. Since the respira- 
tion frequency varied inter- individually between about 
6/min and 10/min, the total acquisition time varied as 
well between 8 and 13 min. 




without parallel imaging 




with parallel imaging 

Fig. 4.4.5a,b. Ti-weighted images acquired with a respira- delineation of pulmonary vessels and the comparable signal- 

tory- and ECG-triggered inversion-recovery HASTE sequence to-noise ratio with parallel imaging. Figure reprinted with per- 

(a) without and (b) with parallel imaging. Note the sharper mission from: Dietrich (2007b) 
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a complete difference map 



b difference map inserted in ^-weighted image 

Fig. 4.4.6a, b. Parameter maps displaying the oxygen-in- 
duced relative signal increase in a healthy volunteer acquired 
with parallel imaging. The complete parameter maps (a) dem- 
onstrate that oxygen-induced signal enhancement is observed 
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predominantly in the lung, in the large cardiopulmonary ves- 
sels, in the spleen, and in the cardiac ventricles. The same data 
is shown inserted in the Ti-weighted acquisition (b) after man- 
ual segmentation of the lungs 



The Ti -weighted images in Fig. 4.4.5 demonstrate the 
reduced blurring with parallel imaging. No degrading 
loss of signal-to-noise ratio is visible in the Ti-weighted 
images acquired with parallel imaging in comparison to 
the non- accelerated acquisitions. Examples of oxygen- 
enhanced lung MRI in six coronal slices of a healthy 
volunteer are shown in Fig. 4.4.6. 



4.4.3 

Alternative Approaches 

4.4.3.1 

Non-contrast-enhanced 
Dynamic Lung Imaging 

Although the signal of lung tissue in non-contrast-en- 
hanced proton MRI is very low as described in Sect. 4.4. 1 , 
it is still possible to employ this signal directly to assess 
ventilation properties of the lung. One approach to de- 
duce ventilation information from non- contrast- en- 
hanced lung MRI is based on the evaluation of a series 
of dynamic lung images acquired during the respiratory 
cycle (Rupprecht et al. 2003; Topf et al. 2004, 2005, 
2006; Zapke et al. 2006; Voorhees et al. 2005; Marcus 
et al. 2007). These images are acquired with temporal 
resolutions between 1 19 ms (Marcus et al. 2007) and 2 s 
(Topf et al. 2005, 2006). Typically, only a single slice is 
acquired in order to optimize the temporal resolution. 

Different MR imaging techniques have been pro- 
posed to obtain a sufficiently strong signal of the native 
lung tissue. For instance, it has been suggested to use 



MRI systems with relatively low field strengths of, e.g., 
0.2 Tesla (Wagner et al. 2001; Rupprecht et al. 2002; 
Abolmaali et al. 2004). In spite of the generally lower 
signal-to-noise ratio (SNR) at low field strengths, the 
relative signal of the lung tissue is increased because of 
the substantially reduced susceptibility effects, which are 
proportional to the field strength. Balanced steady- state 
free-precession (SSFP) sequences such as the TrueFISP 
sequence are particularly suited for lung MRI at 0.2 Te- 
sla because of their high SNR efficiency. At higher field 
strengths, single-shot fast-spin-echo techniques such as 
the HASTE sequence with relatively short echo times 
are generally preferred for visualization of the lung tis- 
sue. 

Rupprecht et al. (2004) proposed that informa- 
tion about the pulmonary ventilation can be deduced 
directly from regional variations of the MR signal in- 
tensity during the respiratory cycle. In this study, the 
ratio of the volume of inhaled air (V air ) and the volume 
of lung parenchyma (Vtissue) in expiration is calculated 
from the signal during inspiration, S insp , expiration, S exp , 
as well as the noise signal, S noiS e, as 



Vai 



->exp 



->msp 



v ti: 



Jexp 



More generalized, this ratio can also be determined for 
every time, U of the respiratory cycle based on the lung 
signal, Sit), at time t: 



YairCO 



S(t) 
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This approach has been evaluated in volunteers and pa- 
tients using a TrueFISP sequence at 0.2 Tesla (Ruppre- 
cht et al. 2003; Topf et al. 2004; Zapke et al. 2006) and 
with a HASTE sequence at 1.5 Tesla (Topf et al. 2005, 
2006). A good correlation was found between lung 
ventilation determined by MRI and the vital capacity 
derived from conventional pulmonary function test as 
shown in Fig. 4.4.7 (Zapke et al. 2006). This method, 
however, is complicated by the fact that lung tissue is 
moving significantly during the respiratory cycle. Hence, 
a substantial amount of post-processing is required in 
order to (non- rigidly) register all images acquired dur- 
ing the respiratory cycle to a reference image (Zapke 
et al. 2006) before evaluating the variation of MR signal 
intensity. A related approach, which correlates the signal 
intensity and the lung area during the respiratory cycle 



(Bankier et al. 2004) has been suggested by Marcus 
etal.(2007). 

Instead of evaluating the time dependence of the 
MR signal intensity during the respiratory cycle, ventila- 
tion information can also be deduced from direct moni- 
toring of the displacement of lung tissue. Two different 
approaches for tissue displacement mapping have been 
suggested: motion tracking after a grid preparation using 
SPAMM tagging of the lung (Chen et al. 2001; Napa- 
dow et al. 2001; Voorhees et al. 2005) and direct track- 
ing of the lung tissue analyzing the motion of vessels 
and other hyperintense structures (Gee et al. 2003; Sun- 
daram and Gee 2005). Only a few results based on these 
techniques have been published; however, Voorhees 
et al. (2005) demonstrated a good agreement of the re- 
gional lung volume change derived from the directly seg- 



Fig. 4.4.7a-c. Non-contrast-enhanced dynamic lung MRI. 
a MR ventilation image of a patient with normal pulmonary 
function test, b Ventilation graphs that show the ventilation 
(i.e., the ratio of the volume of inhaled air, Vair, and the volume 
of lung parenchyma, Vtissue) in 50 images for each rectangular 
region shown in a during the respiratory cycles. The 50 mea- 
surements span a total of one minute. Ventilation measure- 
ments: Right: upper field {turquoise) 0.64 mL/cm 3 ; middle 
field (violet) 0.68 mL/cm 3 ; lower field (brown) 0.65 mL/cm 3 . 
Left: upper field (yellow) 0.67 mL/cm 3 ; middle field (pink) 
0.68 mL/cm 3 ; lower field (blue) 0.62 mL/cm 3 . c Correlation of 
MR ventilation and vital capacity measured by conventional 
pulmonary function test (r = 0.8; p < 0.001, black lines: 
regression line and 95 % confidence interval). Reprinted with 
permission from Zapke et al. (2006) 
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mented volume and from the volume that was calcu- 
lated using the regional tissue -displacement measure- 
ments. 

More MRI studies have been performed that evalu- 
ate only global spirometric properties of the lung such 
as static or dynamic lung volumes (Eichinger et al. 
2007). These techniques for non-contrast-enhanced 
lung imaging and MR-spirometry-based ventilation 
measurements are discussed in Chap. 5. 



4.4.3.2 

Aerosolized Gadolinium-based 

Contrast Agents 

Montgomery et al. (1987) proposed to adminis- 
ter an aerosolized gadolinium-based contrast agent 
to decrease the T Y relaxation time and to enhance the 
signal of extravascular water in the lungs; first MR ex- 
periments were performed in excised lung tissue of rats 
demonstrating a significant decrease of T\. Berthezene 
et al. (1992) used a Ti-weighting spin-echo sequence 
(TR-250 ms, TE = 6 ms) and measured an MRI signal 
increase by more than 70 % in rats in vivo after inha- 
lation of an aerosolized gadolinium contrast agent for 
5 min. More animal studies were performed in the fol- 
lowing years investigating safety aspects (Berthezene 
et al. 1993), modified gadolinium formulations (Mis- 
selwitz et al. 1997), MRI in larger animals such as do- 
mestic pigs (Haage et al. 2000) and dogs (Suga et al. 
2002a), the signal enhancement behavior of various 
gadolinium -containing contrast agents (Haage et al. 
2001b, 2002), and improved delivery devices for the ad- 
ministration of the gadolinium- DTPA aerosol (Haage 
et al. 2001a; Suga et al. 2002b). The used aerosols had a 
mean particle size between 0.2 and 5.0 (im, and the orig- 
inal contrast- agent concentration before aerosolization 
ranged between 100 and 500 mmol/L. In these studies, 
Haage and co-workers applied a respiratory- gated Ti- 
weighting two-dimensional multi-slice fast-spin-echo 
sequence with repetition times between 141 ms and 
199 ms and an echo time of 8.5 ms for dynamic lung 
imaging. Suga and co-workers acquired T x -weighted 
data with a fast three-dimensional spoiled-gradient- 
echo sequence with repetition time of 3.5 ms and an 
echo time of 0.9 ms. An alternative measurement ap- 
proach is described by Price et al. (2004, 2005), who 
propose a single-point-imaging sequence for signal de- 
tection; this technique has the advantage to be very in- 
sensitive to susceptibility effects and short T 2 * relaxation 
times in lung tissue. 

The application of aerosolized gadolinium contrast 
agents in animals with functional impairments of the 



lung was demonstrated by Suga et al. (2002a,b, 2003) 
and by Ogasawara et al. (2004); MRI was performed 
in dogs with acute airway obstruction with a balloon 
catheter and after pulmonary arterial embolization with 
enbucrilate. Areas of acute airway obstruction showed 
matched perfusion and aerosol deposit defects; while 
small areas affected by embolization showed only per- 
fusion defects but normal aerosol images. The clearance 
of a gadolinium-based aerosol in bleomycin-injured 
dog lungs was investigated by Suga et al. (2003). They 
found a heterogeneously reduced aerosol deposition in 
the affected lungs as well as a significantly decreased 
clearance half time. 

The first applications of lung-ventilation MRI with 
aerosolized gadolinium chelates in human volunteers 
were described by Haage et al. (2003, 2005). An aver- 
age signal enhancement of about 35 % was observed af- 
ter 10 min inhalation of the gadolinium -DTPA aerosol; 
data was acquired with a Ti-weighting fast-spin-echo se- 
quence as described above. Examinations in 15 healthy 
volunteers were performed without any procedure- 
related complications or acute or delayed allergic reac- 
tions to the aerosolized contrast medium. The examina- 
tion was followed by an 18-months observation period 
to exclude any delayed side effects such as pulmonary 
inflammations. No further studies are published up to 
now about the application of gadolinium aerosols in hu- 
man volunteers or in patients. 



4.4.3.3 

Water-in-perfluorocarbon Emulsions 

A further approach for proton-MRI ventilation mea- 
surements is based on the infusion of a water-in-perflu- 
orocarbon emulsion into the lung (Huang et al. 2002, 
2004). Perfluorocarbon compounds have been used for 
liquid ventilation since the 1960s (Lowe 1987) exploit- 
ing the excellent solubility of 2 and C0 2 in these sub- 
stances. Fluorine- 19-perfluorocarbon has been utilized 
in fluorine- 19 MRI for lung visualization (cf. Chap. 4.3); 
however, no signal is emitted by these substances in 
proton MRI because of the lack of protons in perfluo- 
rocarbons. In order to employ perfluorocarbon-based 
liquid ventilation in proton MRI, Huang et al. (2002) 
proposed to use water-in-perfluorocarbon emulsions 
that can provide both a fluorine- 19 and a proton-MRI 
signal. After infusion of the water-in-perfluorocarbon 
emulsion into rat lungs, a substantial signal enhance- 
ment can be observed in proton MRI using, e.g., a spin- 
echo sequence with a repetition time of 900 ms and an 
echo time of 6 ms. Huang et al. (2002) also performed 
diffusion-weighted proton MRI and found apparent 
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diffusion coefficients (ADC) of about lxlO -3 mm 2 /s 
in healthy lungs in contrast to substantially increased 
ADCs of about 3xl0 -3 mm 2 /s in injured lungs with in- 
duced pulmonary edema. The latter results are in paral- 
lel to diffusion measurements based on helium- 3 lung 
MRI (cf. Chap. 4.1). 

In a second study performed in mice, Huang et al. 
(2004) measured the T 2 * relaxation time in lung tissue 
after infusion of a water-in-perfluorocarbon emulsion. 
Using a multi-echo spin- echo sequence with echo times 
between 5 and 120 ms, they found T 2 * values between 
25 and 35 ms for a sufficiently high administered infu- 
sion dose. Thus, T 2 * is substantially increased compared 
to the relaxation times of typically less than 5 ms with- 
out infusion of the water-in-perfluorocarbon emulsion. 
This observation is explained by the considerably re- 
duced susceptibility variation in lung tissue after filling 
of the air spaces with the liquid emulsion. 

No further studies about applications of water-in- 
perfluorocarbon emulsions in animals or humans have 
been published yet. 



4.4.4 
Conclusions 

Several methods for proton-MRI-based ventilation 
measurements are available. Currently the most estab- 
lished technique is oxygen- enhanced MRI of the lung, 
employing inhaled molecular oxygen as a Ti- reducing 
contrast agent, which enhances the signal of the pro- 
tons in the lung (cf. Sect. 4.4.2). The main advantages 
of oxygen- enhanced MRI are the general availability 
of oxygen in every clinical environment and the rela- 
tive safety of oxygen administration in volunteers or 
patients. A large number of publications describe the 
application of oxygen-enhanced lung MRI in patients 
with several different lung pathologies. Technically, a 
certain amount of hardware is required to administer 
alternately room air and oxygen (pure or in several dif- 
ferent concentrations) via a mask or a mouthpiece to 
the examined subject in the scanner. Disadvantages of 
oxygen- enhanced lung MRI are the relatively low sig- 
nal enhancement corresponding to the T x reduction of 
about 10 %, and the complex contrast mechanism with 
contributions due to ventilation, perfusion, and oxygen- 
diffusion properties of the lung. 

A second, newer approach for proton MRI of lung 
ventilation is based on the evaluation of a sequence of 
dynamic MR images acquired during the respiratory 
cycle without any additional exogenous contrast en- 
hancement (cf. Sect. 4.4.3.1). The obvious advantage of 
this technique is that no additional hardware is required 



which reduces costs and increases patient comfort dur- 
ing the examination. However, the proposed techniques 
are based on complex post-processing including non- 
rigid image registration, and the number of publica- 
tions that evaluate this new promising approach is still 
rather small. More studies are required to establish this 
technique for use in clinical routine imaging. 

Other available techniques for ventilation MRI are 
imaging after administration of aerosolized gadolinium 
contrast agents (cf. Sect. 4.4.3.2) or after infusion of 
water-in-perfluorocarbon emulsions into the lung (cf. 
Sect. 4.4.3.3). The former technique, however, involves 
complex and expensive hardware devices to prepare 
and administer the contrast- agent aerosol; a further 
disadvantage is that the inhalation of gadolinium-based 
contrast agents is still controversial and not yet thor- 
oughly evaluated in humans. Up to now, no studies with 
aerosolized gadolinium contrast agents have been con- 
ducted in patients. Even less data are available on pro- 
ton MRI during (partial) liquid ventilation employing 
water-in-perfluorocarbon emulsions, which has so far 
been tested only in small rodents. 

In conclusion, proton-based ventilation MR imag- 
ing of the lungs is clinically feasible and well established 
with oxygen-enhanced MRI. Newer techniques based 
on non-enhanced dynamic MR acquisitions appear to 
be a promising tool for ventilation assessment that may 
be available in the near future. Other proposed tech- 
niques require still considerably more research before 
they might be applicable in clinical MR imaging. 
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Introduction 

The active and passive components of the thorax that 
take part in respiratory motion form the respiratory 
pump. The passive components are the bones, liga- 
ments, and articulations of the thoracic cage, and the 
active components are the several muscle groups car- 
rying out the pumping work. Of these, the diaphragm 
affects most of the volume changes. Other muscles with 
minor contributions to lung volume are the external 
and internal intercostal muscles with in- and expiratory 
action, and the so-called accessory muscles (mainly the 
scaleni and sternocleidomastoid muscles), which can 
participate in respiratory action, but have other primary 
functions. The forces generated by the respiratory pump 



KEY POINTS 



Dynamic MRI of the lung allows for real-time im- 
aging of normal respiratory motion in 2D and of 
slow respiratory motion in 3D. 3D reconstructions 
and quantitative analysis confirmed that the dia- 
phragm essentially has a piston-like function, but 
also showed that respiratory motion has a com- 
plex distribution over the diaphragm and the tho- 
racic wall, and is further changed with body posi- 
tion. MRI-derived volumetry is well correlated to 
spirometric measurements and can be obtained 
for single lungs, allowing for regional assessment 
of lung function. With computational image reg- 
istration and grid-tagging MRI, lung motion can 
be measured even at a subsegmental level. First 
experimental applications in chronic obstruc- 
tive pulmonary disease, scoliosis, and radiation 
therapy proved the potential for the diagnosis and 
quantitative assessment of altered respiratory mo- 
tion. Thus, it seems only a question of time until 
dynamic MRI enhances our understanding and di- 
agnostics of respiratory mechanics in pulmonary 
disease. 
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are transmitted to the lungs through the pleural space, 
which additionally reduces friction to allow the lung to 
deform freely. Pulmonary motion is the lung tissues re- 
action to these forces and further depends on the elastic 
and resistive properties of the lung. Disease can affect 
any one of these components, e.g., in scoliosis, the rib 
cage can be deformed in a way that limits its response to 
muscular contraction, phrenic paresis immobilizes the 
affected hemidiaphragm, inflammation of the pleural 
space can lead to increased friction or immobilization 
through scarring, and various diseases of the lung can 
increase or reduce its compliance through alteration of 
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the tissues elasticity or increasing flow resistance in the 
airways (Mead and Macklem 1986). 

To date, routine clinical assessment of the system 
has relied mainly on indirect lung function tests like 
spirometry and plethysmography These do not di- 
rectly measure the motion of the thoracic cage or the 
lung, but the resulting air movement at the level of the 
mouth (spirometry) or overall thoracic and abdominal 
volume changes (plethysmography). Consequently, the 
measurements cannot provide any regional functional 
indices. This has also a limiting effect on the sensitiv- 
ity of the measurements because regional deficits are 
compensated for by healthy lung, and changes that are 
limited to a single lung can be undetectable (Plathow 
et al. 2006). Also, in cystic fibrosis, parenchymal defects 
may already be visible on computed tomography (CT) 
without corresponding findings in standard lung func- 
tion tests (de Jong et al. 2004, 2006). 

With fluoroscopy or ultrasound it has been possible 
to directly measure the motion of the hemithorax or a 



single lung for some time, but only CT and MRI make it 
possible to measure at defined locations in a reproduc- 
ible manner without errors resulting from high inter- 
operator variability (e.g., ultrasound) or artifacts from 
magnification and parallax (e.g., fluoroscopy). As an 
impact of such motion measurements on patient care or 
outcome has not yet been demonstrated, radiation ex- 
posure from CT can hardly be justified. Radiation-free 
MRI is consequently the ideal tool for further research 
in this field, as well as for any clinical applications that 
eventually emerge. Furthermore, for real dynamic im- 
aging during free breathing, MRI is unchallenged, as 
dynamic CT images are composed from several respira- 
tory cycles, thus averaging out any intercycle variability 
and representing only a measurement of an averaged 
motion. 

This chapter is intended to give an overview of the 
application of MRI for the analysis of respiratory me- 
chanics, i.e., the movement of the walls of the thoracic 
cavity and the motion of the pulmonary tissue. 



Table 5.1. Image parameters for sequences typically used for dynamic MRI. The abbreviations given are for Siemens scanners, 
abbreviations for other manufacturers can be found in the text 



Sequence type 


FOV 

(mm) 


Matrix 


ST 

(mm) 


TR 

(ms) 


TE 

(ms) 


FA 


BW 
(Hz/pixel) 


PAT-factor 

(u.c.) 


Temporal 
resolution 

(images/s) 


2D-SS-GRE 
(TrueFISP) 


400 


159 x 256 


10 


37.7 


1.7 


65° 


977 


2 


3 


2D-GRE 
(FLASH) 


500 


98 x 128 


15 


2.49 


1.03 


5° 


980 


2 


10 


3D-GRE 
(FLASH) 


450 


128 x 128 


8 


1.38 


0.5 


10° 


1,500 


4 


2 



HPEPJ 



Residual volume 



► Vital capacity 



Fig. 5.1. Selected images from a sagittal 2D FLASH series of the right lung. The original series had a temporal 
resolution of 8.5 images per second and contained 13 images for inspiration from residual volume to vital capacity. 
The limited regional information inside the lung stems from the pulmonary blood vessels 
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5.1.1 

Technical Issues 

There are essentially two different approaches to the 
imaging of respiratory motion. The static approach uses 
standard imaging sequences, which are applied dur- 
ing repeated breath-holds to gather images in a mini- 
mum of two different respiratory positions (volumes). 
This approach relies on the same imaging techniques as 
those described for morphological imaging in the other 
chapters. It has the advantage of providing anatomical 
detail that is usable for further analysis like the applica- 
tion of registration algorithms. The drawback is that the 
lung is allowed to come to a state of uniform stress and 
pressure distribution during the breath hold. Differ- 
ences in movement speed, caused by for example airway 
stenosis, cannot be detected. 

The second approach uses fast imaging to capture 
images during free breathing. Unfortunately, in MRI, 
gains in speed always lead to reduction in detail. Dur- 
ing quiet breathing, respiratory rates are around 12 
cycles per minute (i.e., about 5 s per respiratory cycle) 
and normal respiratory excursion of the diaphragmatic 



dome is about 1.5 cm. Thus, the maximum speed of the 
diaphragm is about 0.94 cm/s. Therefore, to avoid mo- 
tion smear, imaging times should be well below 1 s for 
the imaging of quiet breathing. Even up-to-date MR 
scanners can only achieve such high temporal resolu- 
tions for dynamic 2D imaging, where acquisition times 
of down to 100 ms have been reported for pulmonary 
imaging (Eichinger et al. 2007a). Sequences typically 
employed are spoiled gradient echo sequences (abbre- 
viations: FLASH, Siemens; SPGR, General Electric; Tl- 
FFE, Philips) and steady-state gradient echo sequences 
(abbreviations: trueFISP, Siemens; FIESTA, General 
Electric; balanced FFE, Philips; Table 5.1). The former 
has the advantage of higher temporal resolution (for 
an image example see Fig. 5.1), the latter the advan- 
tage of higher signal from the blood vessels that pro- 
vide the main spatial information in dynamic lung MRI 
(Plathow et al. 2005b). For dynamic 3D imaging, ac- 
quisition times of down to 1 s are possible. With normal 
breathing this would still lead to considerable motion 
smear. Consequently, spatial information from inside 
the lungs in these images is very limited. Nevertheless, 
by using very slow controlled breathing, researchers 
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Fig. 5.2. Selected images from a sagittal 3D FLASH series with a temporal resolution of one image per second 
with 3D reconstruction of the lung by automatic segmentation. At this temporal resolution mostly noise is visible 
inside the lung. Nevertheless, the images are well suited to analysis of the thoracic configuration and lung volum- 
etry, e.g., through automatic segmentation 
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obtained reasonably good results for dynamic 3D stud- 
ies (Plathow et al. 2005a). If the interest lies mainly 
in volumetric or conformational information, even the 
low signal inside the lungs can be useful, since it facili- 
tates automatic segmentation as the first step for further 
automatic analysis (Fig. 5.2). 



5.1.2 

Magnetic Resonance-Compatible Spirometry 

Spirometry and plethysmography are the gold standard 
techniques for lung function testing. Diagnostic pa- 
rameters derived from MRI measurements will have to 
be compared with these techniques. But both spirom- 
etry and plethysmography are characterized by high 
intrapersonal variability (Miller et al. 2005). There- 
fore, for optimal comparability, the imaging and the 
lung function tests should be acquired simultaneously. 
Unfortunately, most spirometers are made with at least 
some metal parts, contain electronic components, and 
are therefore unsuitable for use inside the MRI scanner. 
However, commercially available spirometers can be 
adapted successfully for MR compatibility with some 
modifications. Two approaches have been reported so 
far (Eichinger et al. 2007b; Kondo et al. 2000). Both 
worked with spirometers using pneumotachographs. 
These make subjects breathe through a metal sieve with 
low air flow resistance. The resistance causes a pres- 
sure drop that changes linearly with the air flow and is 
measured by an electronic component. To ensure MR 
compatibility, the metal parts were replaced with plas- 
tic substitutes and the pressure- sensitive electronics 
were put outside the scanner, connected by pressure- 
transducing plastic tubes. Such modifications can be 
made without affecting the measurement precision of 
the spirometer (Eichinger et al. 2007b). Naturally, 
the spirometric measurements obtained during MRI 
differ from measurements obtained under standard 
conditions; the supine position as well as the use of 
surface coils reduces air flow during maximal respira- 
tory maneuvers (Eichinger et al. 2007b; Meysman 
and Vincken 1998). One problem for the comparative 
analysis of spirometry with MRI measurements is the 
missing temporal synchronization of the measurements 
that are acquired with two different computer systems. 
Kondo et al. (1995) solved this by recording the scan- 
ner noise on the spirometry system and using the in- 
crease in noise during imaging for temporal matching. 
Another solution would be to synchronize the system 
timers of the spirometer and the MRI scanner to the 
same network time server, so that the time information 



in the image header and spirometry record can be used 
directly. 



Respiratory Mechanics 

Magnetic resonance imaging is an ideal tool for the 
analysis of the motion of the diaphragm and thoracic 
wall. The low signal of lung tissue leads to an excellent 
contrast to the surrounding high signal soft tissue struc- 
tures. Thus, the combined action of the different com- 
ponents of the respiratory pump can be visualized and 
the functional principle analyzed. 

Generally speaking, published research can be di- 
vided in two categories. The first analyzes the move- 
ment of individual components (lung, diaphragm, and 
rib cage) to obtain a better understanding of their in- 
dividual action. The second approach attempts to cal- 
culate the lung volume changes by segmentation of the 
lungs or by measurement of surrogate markers on the 
acquired images. 

Imaging techniques are basically the same for the 
two approaches, since for both, the whole thorax is im- 
aged (in the case of 2D dynamic MRI one slice through 
the thorax). 

The differences between the studies lie in the 
measurements and analysis of the images. The images 
can then be subjected to a qualitative analysis, and in 
many cases, meaningful information can be derived, 
e.g., a phrenic paresis is immediately evident from 
two images in inspiration and expiration. But for the 
differentiation of the severity of a disease, or for the 
detection of small abnormalities, quantitative measures 
are necessary. 

As the field of research is still rather new and only a 
limited number of publications exist, no standards for 
the imaging procedures, the location of measurements, 
and the analysis of measurements have emerged. This 
limits the comparability of results from different stud- 
ies. But the results published so far point in the same 
direction, making it only a matter of time before clini- 
cally meaningful measures and applicable measurement 
methods emerge. 



5.2.1 

Movement of the Diaphragm 

The diaphragm is the biggest respiratory muscle and is 
alone responsible for most of the volume changes dur- 
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ing quiet, and to a somewhat lesser degree, during forced 
respiration. It is a flat muscle sheet with a central tendi- 
nous component. By its muscular insertions it can be 
divided in two components. The muscular fibers of the 
crural part arise from the first three lumbar vertebral 
bodies and the medial and lateral arcuate ligaments. The 
costal part inserts on the inner surfaces of the lower six 
ribs. During quiet breathing, a considerable proportion 
of the diaphragm is apposed to the inner rib cage and 
thus forms the cylindrical "area of apposition," which is 
capped by the diaphragmatic dome (Mead and Mack- 
lem 1986). As it is normally hidden inside the body the 
exact area distribution between the apposition zone and 
diaphragmatic dome and the three-dimensional config- 
uration are difficult to measure. Tomographic imaging 
has been a breakthrough in this respect. 



5.2.1.1 

Static Imaging 

Several groups used static MRI at different respiratory 
volumes to gain further insight into the function of 
the diaphragm. Images were acquired during a breath 
hold with a relaxed diaphragm in sagittal and coronal 
orientation. On each of the resulting images, the dia- 
phragmatic contour was traced. The combined tracings 
form a wireframe representation of the diaphragmatic 
contour (Fig. 5.3). From this, changes in diaphragmatic 
length (Table 5.2), area (Table 5.3), and curvature can 
be derived and correlated to the respective changes in 
lung volumes. According to these results, the Laplace 
law is applicable to at least the posterior part of the 
diaphragmatic dome. As the Laplace law links the pres- 




Fig. 5.3a-d. Wireframe reconstructions of the diaphragm at a residual volume, b functional residual 
capacity, c functional residual capacity plus one-half inspiratory capacity, and d vital capacity Dashed lines 
show the lower costal margin, dotted lines the upper limit of the zone of apposition. The 3D axis indicates 
spatial orientation and scaling with a line length of 50 mm. (Reprinted with permission of the American 
Physiological Society (Gauthier 1994)) 
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Table 5.2. Diaphragmatic 
lengths as a whole and separately 
for its appositional part (part that 
is directly apposed to the thoracic 
wall) and the diaphragmatic zone 
(apposed to the lung) at different 
lung volumes, as measured by 
Cluzel et al. (2000). RV residual 
volume, 

FRC functional residual capacity, 
TLC total lung capacity 



^B»^^H ^bTTSI ^HWlRI 


Diaphragm 


Coronal 


507±72 


485±77 


365±79 


Sagittal left 


330±15 


301±17 


208±12 


Sagittal right 


368±20 


354±22 


228±23 


Appositional zone 


Coronal 


254±17 


221±35 


or close to 


Sagittal left 


163±16 


127±21 


or close to 


Sagittal right 


196±11 


161±25 


or close to 


Diaphragmatic zone 


Coronal 


253±69 


264±64 


365±79 


Sagittal left 


167±13 


174±15 


208±12 


Sagittal right 


173±17 


194±8 


228±23 



Table 5.3. Areas of the whole 
diaphragm, the appositional part, 
the diaphragmatic dome, and the 
diaphragmatic muscle surface 
(the diaphragmatic area minus 
the central tendon area) as mea- 
sured by Cluzel et al. (2000) 



^BT^^H ^BmTtSH ^EMkSI 


Total diaphragmatic area 


1,128±129 


997±93 


584±89 


Apposition area 


757±121 


597±91 


or close to 


Diaphragmatic dome area 


371±28 


399±27 


584±89 


Diaphragmatic muscle surface 
area 


985±129 


854±93 


441 ±98 


Percentage decrease 


Reference 


13±8 


55±11 



sure across a surface with the surfaces curvature and 
the pressure gradient across the surface, this allows 
the calculation of the diaphragmatic tension from its 
curvature and the transdiaphragmatic pressure (Paiva 
et al. 1992). Further results confirm the remarkable 
ability of diaphragmatic fibers to shorten up to 55% 
during contraction (Cluzel et al. 2000; Gauthier 
et al. 1994). This ability allows the diaphragm to effect 
the respiratory volume changes descending like a pis- 
ton in a cylinder. While the diaphragmatic dome does 
change in form with anteroposterior widening, flatten- 
ing, and dorsal rotation, the effect of these changes on 
transdiaphragmatic pressure are small. Consequently, 
the diaphragmatic action is described using the anal- 
ogy of a widening piston in a widening cylinder, which 
means that volume changes through diaphragmatic ac- 



tion are nearly linearly related to diaphragmatic muscle 
fiber length (Gauthier et al. 1994). These conclusions 
depend on the assumption that the apposition zone 
does not entirely disappear, even at total lung capacity. 
This is controversial as the location of the diaphrag- 
matic costal attachment can only be derived indirectly 
and Cluzel et al. (2000) found the apposition zone 
to disappear at total lung capacity (TLC). Thus, at least 
at volumes near TLC, the above results might not be 
entirely valid. As a further limitation, the results are 
based on imaging of the relaxed diaphragm. Thus, its 
form should be considerably influenced by the adjacent 
structures. The configuration during contraction, i.e., 
inspiration, might differ considerably. Also, the con- 
figuration will be different when not in the supine posi- 
tion, as described later on. 
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5.2.1.2 

Dynamic Imaging 



5.2.1.3 

Chest Wall Movement 



Most of the time during the respiratory cycle, the dia- 
phragm is in motion, either actively contracting during 
inspiration or passively expanding during expiration. To 
truly understand its mode of function in contributing to 
lung volume changes, static analysis as described in the 
previous section is not ideal. But 3D MRI is not yet fast 
enough to allow comparable experimental designs. Dy- 
namic 2D MRI offers the necessary speed. The sacrifice 
of spatial coverage can be compensated for by acquir- 
ing several sagittal image series at different lateral posi- 
tions. Under the assumption that diaphragmatic motion 
is more or less constant during quiet respiration, these 
measurements show that the craniocaudal displacement 
of the diaphragm in a supine position is not evenly dis- 
tributed. The diaphragmatic excursion increases from 
anterior to posterior and at each anteroposterior posi- 
tion from medial to lateral (Fig. 5.4). Using dynamic 
2D MRI in coronal orientation it is possible to directly 
compare the movement of the left and right hemidi- 
aphragm. Apparently, the two sides can move synchro- 
nously or one side can move slightly ahead of the other. 
The respective pattern can also change from inspiration 
to expiration. There is some discussion as to whether 
one hemidiaphragm moves more than the other one 
(see Table 5.4 for excursion data). The most recent study 
by Kiryu et al. (2006) found a larger excursion on the 
right and attributes the different findings of earlier stud- 
ies to the averaging effect of the respective lower tempo- 
ral resolution. (Gierada et al. 1995; Unal et al. 2000; 
TAKAZAKURAet al. 2004; Kiryu et al.2006). 

The results discussed so far are all based on imag- 
ing in the supine position. As postural changes have an 
effect on intra-abdominal pressure, diaphragmatic mo- 
tion should differ in the upright position. In a study con- 
ducted in a vertical MRI, diaphragmatic excursion was 
1-2 cm less than in the supine position. Differences were 
more pronounced in the posterior diaphragm. This re- 
duces the difference of excursion between the anterior 
and posterior diaphragm from a maximum of 51 mm 
to 38 mm. This effect could be explained by the steeper 
anteroposterior abdominal pressure gradient in the su- 
pine position. The posterior diaphragm is consequently 
pushed more cranially This has the side effect that 
through increased muscle fiber length the force-tension 
characteristic of the diaphragm is improved (Taka- 
zakura et al. 2004). The same effect can be observed 
when changing from supine to prone and either lateral 
decubitus position. The respective dependent diaphragm 
lies more cranially and starts to move later in inspiration 
and earlier in expiration (Kiryu et al. 2006). 



Under physiologic conditions, the chest wall contrib- 
utes much less to lung volume changes than the dia- 
phragm. Nevertheless, the respiratory pump cannot be 
understood without examining all of its components. 
With the high contrast between the air-filled lung and 
the adjacent thoracic wall, MRI is an ideal instrument 
to quantitatively analyze chest wall movement. As in 
diaphragmatic imaging, dynamic analysis requires high 
temporal resolutions and consequently time-resolved 
2D imaging is chosen in most of the studies. 

The measurements show that under normal condi- 
tions, both sides of the thorax move synchronously and 
have the same maximal excursions (Suga et al. 1999). 
However, differences are found between the upper and 
lower chest wall, which do not seem to move as a single 
functional unit. While the anteroposterior movement 
of the upper thorax is linearly related to lung volume 
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Fig. 5.4. Excursion of the diaphragm relative to its maximal 
excursion. The three lines represent the motion at three dif- 
ferent anteroposterior positions, the middle line (D) was mea- 
sured at the diaphragmatic dome, the top line (P) in the middle 
between D and the posterior costophrenic angle, the lower line 
(A) in the middle between D and the anterior costophrenic 
angle. Numbers on the horizontal axis indicate different lateral 
positions: midline (4), 2 cm to the right (3) and left (5) of mid- 
line, in the middle of the right (2) and left (6) hemithorax, posi- 
tions 1 and 7 are in the middle between 3 and 5 and the lateral 
chest wall respectively. (Reprinted with permission of RSNA 
(Gierada 1995)) 
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Table 5.4. Excursion of left and right hemidiaphragm at different body positions 





n 


Body position 


Right (cm) 


Left (cm) 


Gierada et al. 
(1995) 


10 


Supine 


4.4 ±1.3 


4.2 ±0.9 


Unal et al. 
(2000) 


15 


Supine 


6.0 


5.0 


Takazakura 
et al. (2004) 


10 


Sitting 


8±2.3 


8 ±2.4 


Supine 


9.2 ±-2.1 


10.3±2 


Kiryu et al. 
(2006) 


8 


Supine 


8.9 ±1 


7.5±1.1 


Prone 


9.3 ±0.3 


8.1 ±0.6 


Right lateral 


9.1 ±0.9 


7.7 ± 1.1 


Left lateral 


8.4 ±1.2 


8.2 ±1.2 



changes, the lower thorax is poorly synchronized to lung 
volumes (Kondo et al. 2000). It is possible to deduct 
the respective contributions to lung volume changes. 
In comparison to diaphragmatic displacements, the 
anteroposterior thoracic expansion contributes only 
two-fifths to lung volume changes. The contribution of 
the transverse expansion of the thorax is only half of 
the latter (Kondo et al. 2000). These patterns have pri- 
marily been found in healthy young subjects, but a later 
study with elderly healthy subjects found no significant 
differences between age groups (Kondo et al. 2005). 



5.2.1.4 
Volumetry 

While the previous sections described the contribu- 
tions of dynamic MRI to the understanding of normal 
diaphragmatic and chest wall mechanics, the compari- 
son of dynamic MRI measurements and standard lung 
function tests has received a lot of interest. As dynamic 
MRI makes it possible to image single lungs, and to 
some degree even distinguish lung lobes, good agree- 
ment of MRI measures with spirometry could pave the 
way to regional lung function testing on a split lung or 
even lobar basis. 

Many studies used 3D imaging of the thorax to deter- 
mine the volume of the low signal lung tissue. With this 
approach the temporal resolution is limited by the mea- 
surement time of the MRI. The fastest measurements of 
3D images of the lung are reported to take about 1 s per 
volume (Plathow et al. 2005a). This is not sufficient to 



measure lung volumes during tidal breathing at normal 
respiratory frequencies. In intentionally slow breathing, 
continuous volume measurements with 3D MRI cor- 
relate well with spirometric measurements (Gierada 
et al. 1998; Plathow et al. 2005a). Alternatively, or 
to achieve higher temporal resolution, 2D imaging can 
be used. The area of the lung in sagittal and transversal 
sections is well correlated to spirometric lung volume 
(r>0.8) (Kondo et al. 2000). From 2D imaging in dif- 
ferent orientations, diameter measurements can be used 
to calculate lung volumes using a geometrical model 
of the lung. This has been reported to provide volume 
measurements with a high correlation to spirometric 
measurement (Plathow et al. 2004). The forced expi- 
ratory volume in the first second (FEV1) is a standard 
test for the assessment of obstructive lung disease. In 
this maneuver, the subject is asked to expire as fast as 
possible after maximal inspiration. The volume expired 
during the first second of this maneuver is measured. To 
derive this measure from dynamic MRI, only very fast 
imaging techniques are applicable. Swift et al. (2007) 
used 2D spoiled gradient echo sequences to image the 
thorax in the coronal and sagittal orientation with a 
temporal resolution of 5-10 images per second. From 
these images, volumes were calculated with an ellipti- 
cal model, and the long and short axis measured on the 
sagittal and coronal image. They found a very high cor- 
relation to spirometry for FEV1 and FVC (correlation 
coefficients of 0.95 and 0.83 respectively). 

These results indicate that static and dynamic vol- 
ume measurements using MRI are feasible with ad- 
equate precision. Therefore, volume measurements of 
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Table 5.5. Volume distribution between the left and right lung. VC vital capacity 



Publication 


Collective 


Phase 


Sample 
size 


Left (%) 


Right (%) 


Chapman et al. 1990 


Infants 
2-10 months 


Mid-tidal 


9 


47.2 


52.8 


Qanadli et al. 1999 


Young adults 
24-32 years 


Inspiration 


15 


48 


52 


Expiration 


15 


45 


55 


VC 


15 


49.7 


50.3 


Plathow et al. 2005a 


Young adults 
19-35 years 


VC 


20 


45 


55 



single lungs should give meaningful results. Table 5.5 
shows the MRI- derived volumes of single lungs found 
in different studies. All found a significant difference 
between the two lungs, with the right lung having a 
slightly higher volume. This agrees well with anatomical 
data and can easily be explained by the volume taken up 
by the heart on the left (Mead and Macklem 1986). 

Measurements of thoracic diameters on dynamic 
MRI of single lungs also show good correlation (corre- 
lation coefficients above 0.85 for anteroposterior, cran- 
iocaudal, and lateral thoracic diameters) with spiromet- 
rically measured vital capacity (VC) and FEV1%. Even 
though the spirometric data available for comparison 
are global, the high correlation indicates the validity of 
measurements of single lungs. Further results, gained by 
inserting diameter measurements into a more compli- 
cated geometric model such as the one used by Swift 
et al. (2007), show that craniocaudal movement con- 
tributes most and lateral expansion least to lung volume 
changes, which is in good agreement with other physi- 
ological studies (Plathow et al. 2004). 

The results described so far are based on the diam- 
eter differences between only two images out of the 
multitude of images acquired (e.g., the images with 
highest and lowest position of the diaphragm for VC 
or the image acquired 1 s after the highest diaphragm 
position for FEV1). With a simultaneous spirometric 
measurement using an MRI -compatible spirometer, the 
volume changes occurring between the acquisitions of 
two images (approximately 120 ms) can be compared 
with the corresponding dynamic MRI measurements. 
This is illustrated in Fig. 5.5a, where the volume changes 



calculated from 2D MRI of the right lung are plotted to- 
gether with simultaneously measured spirometric vol- 
ume changes. From such 2D MRI measurements realis- 
tic flow volume curves of single lungs can be derived, as 
shown in Fig. 5.5b. 

The normalized craniocaudal diameter changes for 
each hemithorax are highly correlated to normalized 
spirometric volumes (correlation coefficient of 0.93). 
The surrogate for FEV1% calculated from MRI mea- 
surements was also highly correlated to spirometric 
FEV1% for each hemithorax (correlation coefficient of 
0.71) (Tetzlaff et al. in press). 

When comparing lung volume measured with MRI 
with spirometrically measured volumes it is important 
to keep in mind that the former usually also contains 
volume occupied by the lung tissue and blood content. 
From MRI volumetry at maximal inspiration combined 
with plethysmographic measurement of TLC, this vol- 
ume can be calculated to be around 840 ml (Qanadli 
et al. 1999), which is in good agreement with indicator 
dilution studies that found the blood volume in healthy 
subjects to be about 250 ml (Dock et al. 1961) and the 
tissue volume about 600 ml (Cander and Forster 
1959). 

In all MRI measurements, post-processing is needed 
to extract the volumes or volume surrogates from the 
images. The post-processing techniques range from 
manual (Chapman et al. 1990; O'Callaghan et al. 
1987, 1988; Plathow et al. 2004) to semiautomatic 
(Tetzlaff et al. submitted). Even though the post- 
processing method very likely influences the precision 
of the measurements, this error is rarely evaluated. Time 
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Fig. 5.5. a Normalized volume-time curves from spirometric 
measurements and calculated from 2D MRI (product of the 
anteroposterior and craniocaudal diameters), b Flow- volume 
curve calculated from the same data as those used in a. The 
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curve derived from 2D MRI closely follows the course of the 
spirometric curve and only fails to exactly reproduce the sharp 
downturn at the beginning of the measurement 



savings from semiautomatic measurement come at 
a cost, as was recently shown for the measurement of 
thoracic diameters. This could be accelerated by a fac- 
tor of four compared with manual measurements and 
the agreement with manual measurement was reduced 
to about 3 mm, the side length of a single voxel in the 
study (Tetzlaff et al. submitted). 



5.2.2 

Applications in Lung Disease 

The previous paragraphs showed the potential of dy- 
namic MRI of the lung in supplementing established 
methods for the evaluation of lung function. For first 
evaluations in patients, most groups have chosen em- 
physema as one of the most common chronic pulmo- 
nary diseases, with potential severe impairment of re- 
spiratory mechanics. 

Dynamic MRI shows the diaphragm flattened and 
with less and irregular movement. Occasionally, an 
asynchronous movement was seen between the hemi- 
diaphragms. The maximum craniocaudal dimension 
correlates well with TLC% and is not significantly 
changed. But the minimum craniocaudal dimensions 
are significantly greater than in normal subjects and 
correlate well with RV%. The effect of therapy, e.g., 
lung volume reduction therapy, is clearly visible, with 



increased craniocaudal motion in the operated hemith- 
orax. The effect can even be seen in the contralateral 
hemithorax. Improvements seen with dynamic MRI 
were also paralleled with better scores on the Fletcher 
dyspnea scale (Suga et al. 1999). For the lateral and 
anteroposterior thoracic dimension, similar findings 
were reported (Gierada et al. 1998; Iwasawa et al. 
2002). 

Adolescent idiopathic scoliosis is another condition 
in which patients suffer from insufficient respiratory 
function, which is most likely explained by malfunc- 
tioning of the respiratory pump. Compared with nor- 
mal subjects, 2D dynamic MRI shows that the antero- 
posterior thoracic movement in these patients is limited 
(Kotani et al. 2004). The diaphragm is elevated in in- 
spiration just as in expiration, but the amplitude of its 
motion is unchanged compared with healthy subjects. 
Postoperatively, dynamic MRI shows an improvement 
in the amplitude of thoracic expansion and an increase 
in diaphragmatic movement (Chu et al. 2006, 2007). 

One of the most interesting studies conducted com- 
pared lung motion before and after radiotherapy for 
lung tumors using 2D dynamic MRI. It could be shown 
that the craniocaudal lung motion of the tumor-bearing 
hemithorax was reduced after radiotherapy. As lung 
function testing was not significantly different after ra- 
diotherapy, this shows the potential of dynamic MRI 
to detect functional pulmonary changes with higher 
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Fig. 5.6. Quantitative evaluation of the lung deformation in the coronal plane during forced inspiration by grid- 
tagging MRL The left image shows a mesh of triangular elements fitted to the tagging grid for calculation of 
the strain tensor that is visualized in the right image (Reprinted with permission of John Wiley & Sons, Inc. 
(Chen 2001)) 



sensitivity than spirometric measurements (Plathow 
et al.2006). 



5.2.3 

Pulmonary Motion 

The quantification of true parenchymal lung motion 
is the most challenging, but at the same time the most 
promising field of investigation in dynamic MRI of the 
lung. The specific detection of spatial variations of tis- 
sue motion would most likely allow the detection of re- 
gionally confined alterations of the lungs and mechani- 
cal properties through, for example, cellular infiltrates 
or connective tissue proliferation. While the low signal 
of well-aerated lung tissue facilitated the measure- 
ment of chest wall motion, registration of tissue mo- 
tion requires the detection of recognizable landmarks 
throughout the pulmonary parenchyma. In currently 
available sequences for dynamic MRI, the central ves- 
sels mainly provide sufficient signal to provide such 
landmarks. As the vessels taper toward the periphery, 
their contrast to lung tissue rapidly decreases and no 
usable landmarks can be found in a major proportion 
of the lung volume. 

Therefore, the most promising approach to the im- 
aging of pulmonary motion lies in creating landmarks 
through MR grid- tagging. While MR tagging for mo- 



tion analysis is an established technique in cardiac im- 
aging (Reichek 1999), the short T2* time of lung tis- 
sue complicates the technique in lung imaging, with 
rapid fading of the saturation stripes. Nevertheless, it 
has been shown that a rectangular grid of saturation 
stripes can still be identified 1,000 ms after its applica- 
tion. Using 2D MRI with a temporal resolution of up 
to eight images per second allowed imaging of pulmo- 
nary tissue motion over the short time span of at least 
1 s (Chen et al. 2001). From such tagged images, the 
2D tissue strain tensor (represented by a 2 x 2 matrix) 
can be calculated (Fig. 5.6). From its elements, mea- 
sures to quantitatively describe lung deformation can 
be derived. The trace of the vector (sum of the diagonal 
elements) can be considered to be a generalized direc- 
tion-independent strain magnitude. In coronal images 
of healthy volunteers, this was maximal at the base and 
apex of the lung, with lower values at the hilum where 
the large bronchi and vessels reduce the lung elasticity. 
The directional dominance of shear could also be cal- 
culated and showed that cranio caudally oriented strain 
was predominant at the apex and base of the lung. In 
the middle lung field, strain was more laterally oriented. 
On sagittal images, the maximum tissue expansion oc- 
curred at the apex and was greater posteriorly than an- 
teriorly (Napadow et al. 2001). The imaging sequence 
was further improved to allow for continuous measure- 
ment through repeated grid application. In extension to 
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the work described above the authors were able to cal- 
culate the regional air flow rate and volumetric strain, 
and the derived volume time and flow-volume curves 
for the upper, middle, and lower lung fields of each sin- 
gle lung (Voorhees et al. 2005). Even though limited 
to 2D imaging, these results point in the right direction 
to considerably improve lung function diagnostics in 
the future. Unfortunately, to date, no application in lung 
disease has been reported. 

Alternative methods of assessing regional lung tissue 
motion are deformable registration algorithms. These 
match a series of images by deforming them in order 
to achieve congruence of structural image information. 
Unfortunately, the limited signal of pulmonary tissue 
only implies the relative absence of such structural in- 
formation. On the other hand, the registration approach 
is not dependent on a specific imaging sequence and 
could make a more general application of motion detec- 
tion possible. Registration techniques have been evalu- 
ated on 2D dynamic MRI with only a small error of the 
registration process in comparison to landmarks defined 
by experts. Naturally, the landmarks were set according 
to the present structural information; namely, the cen- 
tral vessel structures. The performance in the peripheral 
lung tissue was not accessible to evaluation. While the 
algorithm conveniently and automatically quantifies vis- 
ible lung motion, it simply cannot find structures invis- 
ible to human observers (Gee et al. 2003). In a follow- 
up study, Sundaram and Gee (2005) examined healthy 
volunteers and mice. In the volunteers, motion detection 
worked well over the diaphragm and hilar vessels, but 
performance was worse more distant from these high- 
signal structures. For the mouse experiment, normal 
mice were compared with mice from a transgenic strain 
of sickle cell disease (SCD) that is highly susceptible to 
the clogging of small vessels under hypoxia. The regis- 
tration was already able to detect differences in observed 
motion between normal and normoxic SCD mice, which 
further increased with hypoxia. This ability to detect 
motion changes over time appears promising for the as- 
sessment of disease progression with follow-up exami- 
nations. Thus, evaluations confirmed that registration is 
a valuable technique for motion detection, but requires 
further improvement of pulmonary MRI to extend the 
good results from high signal structures to the low-sig- 
nal peripheral lung tissue. 
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KEY POINTS 



Pulmonary hypertension (PH) is a disease group 
that includes a wide variety of reasons leading to 
an increased pulmonary arterial pressure. This 
chapter describes the basic mechanisms that lead 
to PH and the possibilities of MRI in diagnosing 
different aspects. A MR imaging protocol is pro- 
vided making MRI a one-stop shop for classifica- 
tion of the underlying disease and assessment of 
hemodynamics. 
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Pulmonary hypertension (PH) is characterized by an 
elevation of the arterial pressure and vascular resistance 
within the pulmonary circulation. Precapillary PH has 
to be differentiated from postcapillary PH (Rosenk- 
ranz 2007). In patients with postcapillary PH, diseases 
of the left heart (atrial, ventricular, valvular) cause pul- 
monary venous congestion, which in turn leads to an 
elevation of pulmonary capillary pressure (PCP) and 
pulmonary arterial pressure (PAP). In contrast, pre- 
capillary PH is characterized by an isolated elevation 
of PAP with normal PCP and accounts for the major- 
ity of patients referred to tertiary pulmonary hyperten- 
sion centers (Blyth et al. 2005). Since in this setting the 
pulmonary hypertensive state is limited to the arterial 
component of the pulmonary vasculature, pulmonary 
arterial hypertension (PAH) is distinguished from other 
forms of PH. The most important consequence of PAH 
is chronic overload of the right heart (cor pulmonale) 
which ultimately leads to right heart failure and is thus 
responsible for the poor prognosis of patients with se- 
vere PAH. Based on invasive measurements by right 
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heart catheterization, PAH is defined as an elevation of 
the mean pulmonary arterial pressure (PAPm) above 
25 mmHg at rest and/or above 30 mmHg during exer- 
cise in the setting of normal or reduced cardiac output 
and normal PCP (Barst et al. 2004). Pulmonary vascu- 
lar resistance (PVR) is elevated above 3 mmHg/1/min 
(Wood units). 

In 1998, the WHO (Evian) classification system of 
PH was proposed, which sought to categorize different 
forms of pulmonary hypertension (PH) according to 
similarities in pathophysiological mechanisms, clinical 
presentation and therapeutic options. In 2003 in Ven- 
ice, modifications were made to this system, with the 
aim of making it more comprehensive, easier to follow 
and more practical for clinicians (Table 6.1) (Simon- 
neau et al. 2004). In this system, the risk factors and 
associated conditions were updated and modifications 
were proposed, including replacing the term primary 
pulmonary hypertension with 'idiopathic pulmonary 
arterial hypertension (IPAH)'. 

Patients suffering from PH often present with non- 
specific symptoms, namely shortness of breath on mini- 
mal physical exertion, fatigue, chest pain and fainting. 
Therefore, diagnosis often occurs late in the course of 
the disease when prognosis is poor and treatment op- 
tions are limited (Tuder et al. 2007). 

The incidence of IPAH is approximately 2-3 persons 
per 1 million per year (f:m= 1.7-3:1) (Chatterjee 



et al. 2002; Taichman and Mandel 2007). It is a ge- 
netic disorder with a familial accumulation. For ac- 
quired ("secondary") forms of PH which are a common 
complication of many different disease entities only 
some examples are given: 50% of patients with chronic 
hypoxemia, such as in chronic obstructive pulmonary 
disease (COPD), develop PH. COPD is the third most 
frequent cause of death worldwide, mostly related to 
late complications, such as PH. Of patients with sclero- 
derma, 40% develop PH. There are more than 500,000 
cases of acute pulmonary embolism per year in the 
United States with subsequent obstruction of the pul- 
monary arterial vascular bed. Approximately 3%-4% of 
these patients will develop a chronic and fatal late form 
called chronic thromboembolic pulmonary hyperten- 
sion (Pengo et al. 2004). 

Naturally, different types of PH require different 
treatment regimens making a precise categorization 
mandatory (Provencher et al. 2005; Puri et al. 2007). 
The diagnostic workup of these patients needs to differ- 
entiate between the different causes of PH (McLaugh- 
lin and McGoon 2006). This includes, besides patient 
history and laboratory findings, the assessment of car- 
diac function, lung function, pulmonary blood pressures 
and pulmonary vasculature. Thus, the actual diagnostic 
pathway includes a broad spectrum of examinations, 
mainly echocardiography, invasive right heart catheter- 
ization and ventilation/perfusion scintigraphy. 



Table 6.1. Classification of pulmonary hypertension according to the world conference on pulmonary hypertension (Venice 
2003) 



1. Pulmonary arterial hypertension (PAH) 

1.1 Idiopathic (IPAH) - Cause unknown 

1.2 Familial (FPAH) - Genetic background 

1.3 Associated with (APAH) - Collagen vascular disease, congenital systemic-to-pulmonary shunts, portal hypertension, 
HIV infection, drugs and toxins, etc. 

1.4 Associated with significant venous or capillary involvement -Pulmonary veno-occlusive disease (PVOD), pulmonary 
capillary hemangiomatosis (PCH) 

1.5 Persistent pulmonary hypertension of the newborn (PPHN) 

2. Pulmonary hypertension with left heart disease 

Left-sided ventricular or atrial heart disease, left-sided valvular heart disease 

3. Pulmonary hypertension associated with lung disease and/or hypoxemia 

COPD, interstitial lung disease, sleep-disordered breathing, alveolar hypo- ventilation disorders, chronic exposure to high 
altitude, developmental abnormalities 

4. Pulmonary hypertension due to chronic thrombotic and/or embolic disease (CTEPH) 

Thromboembolic obstruction of the proximal/distal pulmonary arteries; 
non-thrombotic pulmonary embolism (tumor, parasites, foreign material) 

5. Miscellaneous 

Sarcoidosis, histiocytosis X, lymphangiomatosis, compression of pulmonary vessels (adenopathy, tumor, fibrosing mediasti- 
nitis, etc.) 
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Table 6.2. Proposed MR 


imaging 


protocol for imaging patients with suspected pulmonary hypertension 




Rationale 




Sequences 




Morphology I 




HASTE tra & cor, VIBE tra 




Function (perfusion) 




FLASH 3D (time resolved), 0.1 mmol/kg BW 




Morphology II 




VIBE tra & cor 




Function (cardiac) 




Cine of the right ventricle, flow 




Vasculature 




FLASH 3D (high spatial resolution), 0.1 mmol/kg BW 





Magnetic Resonance Imaging (MRI) has emerged 
as a versatile diagnostic tool allowing for morphological 
evaluation of the lung parenchyma, pulmonary arter- 
ies and cardiac function (Ley et al. 2005; Nagendran 
and Michel akis 2007). The diagnostic capabilities in 
the context of PH are described in detail in the follow- 
ing paragraphs. A basic MR imaging protocol is given 
in Table 6.2. 



Lung Parenchyma 

Pulmonary hypertension (PH) associated with respira- 
tory systemic disorders is a distinct group in the catego- 
rization of PH. It is evolving as an important factor that 
can adversely affect prognosis and outcome in chronic 
lung disease (Presberg and Dincer 2003). Especially 
chronic obstructive pulmonary disease (COPD) and 
idiopathic pulmonary fibrosis (IPF) are associated with 
intimal thickening or medial smooth muscle cell hyper- 
trophy leading to mild to moderate PH (Tuder et al. 
2007; Wright et al. 2005; Ryu et al. 2007). The most 
common cause is COPD; PH occurs in approximately 
5% of patients with severe emphysema (Scharf et al. 
2002). In a series with 215 patients with severe COPD, 
moderate (9.8%) or severe (3.7%) PH was found more 
frequently than observed before (Thabut et al. 2005). 
In advanced COPD, therapy directed at controlling the 
pulmonary artery pressure has been recommended 
(Weitzenblum and Chaouat 2005). Many patients 
with COPD and severe PH have an additional cause 
of pulmonary pressure elevation, such as left ventricu- 
lar disease, pulmonary embolism, or sleep apnea syn- 
drome; these conditions should be ruled out routinely, 
as they may be treatable (Chaouat et al. 2005). 

Evaluation of the lung parenchyma using MRI is not 
yet common but possible even in severe COPD patients 



with reduced parenchymal structure (Ley-Zaporo- 
zhan et al. 2007, 2008). Iwasawa et al. 2007 reported 
that lung signal change measured by MRI correlates 
with airflow obstruction in COPD patients. 

Idiopathic pulmonary fibrosis (IPF) is a disease of 
unknown etiology associated with progressive paren- 
chymal fibrosis. Little is known about PH in IPF but 
several retrospective analyses indicate that PH in IPF 
may be frequent. In a large trial in patients awaiting 
lung transplantation due to IPF, it was found that PH 
affects approximately 45% of these patients; however, 
severe PH was relatively infrequent. Typical lung paren- 
chymal changes due to fibrosis can be nicely visualized 
by MRI (Primack et al. 1994; Jung et al. 2000; Altes 
et al. 2007). Detailed description of the possibilities of 
MRI in detection and characterization of lung paren- 
chymal changes can be found in Chaps. 9 (COPD), 10 
(cystic fibrosis) and 14 (interstitial lung disease). 



Macro- and Microvasculature 

6.3.1 

Pulmonary Hypertension 

The exact processes that initiate the pathological changes 
seen in PAH are still unknown even if we now under- 
stand more and more of the mechanisms involved. It is 
recognised that PAH has a multi- factorial pathobiology 
that involves various biochemical pathways and cell 
types (Tuder et al. 2007; Galie et al. 2004). The imag- 
ing hallmark in PH is vasoconstriction predominantly 
on a subsegmental level. The increased vascular resis- 
tance leads to dilation of the central pulmonary arteries 
(Perloff et al. 2003). Thus, a vascular pruning towards 
the lung periphery can be seen and the subpleural space 
is often spared (Chatterjee et al. 2002). An additional 
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Fig. 6.1a, b. Patient suffering from PAH. Two years before this MRI examination 
an invasive pressure measurement revealed a mean pulmonary arterial pressure of 
56 mmHg. a MR angiography (50 mm MIP) shows the dilated main and central 
pulmonary arteries and the tortuous course towards the periphery However, all seg- 
mental arteries are visible, b MR perfusion (10 mm MIP) shows a massive reduction 
of pulmonary perfusion with a patchy pattern. No lobar perfusion defects can be 
found 



finding of hypoxic pulmonary hypertension is an in- 
crease in vasomotor tone (Shimoda et al. 2000). The 
peripheral vascular bed is the location, where modern 
pharmaceutical approaches are aiming at. First, the va- 
somotor tone should be decreased and second, vascular 
remodeling should be stopped or even reversed. There- 
fore, visualization and quantification of blood flow in 
the most peripheral zone is crucial for treatment moni- 
toring or even human drug trials in patients suffering 
from PH. The overall possibilities for assessment of the 
pulmonary blood flow in different diseases leading to 
PH, including detailed technical description, are sum- 
marized elsewhere (Ley et al. 2004; Coulden 2006). 

In an early study analyzing the MRA features of PH, 
the most obvious finding was an abnormal proximal- 
to-distal tapering of all vessels being present (Bergin 
et al. 1997). Collateral blood supply, via bronchial ar- 
teries to the lung parenchyma, was only observed in 1 
out of 10 patients. Compared to healthy volunteers, the 
central pulmonary arteries were significantly enlarged. 
In a more recent study using parallel MR imaging tech- 
niques, the predominant MR angiographic findings were 
proximal-to-distal tapering and a tortuous course of 
the pulmonary arteries towards the periphery (Fig. 6.1) 
(Ley et al. 2005). In this series, no dilated bronchial ar- 
teries were found in PAH patients. Further technical de- 
velopments will allow for more detailed evaluation of 
the pulmonary vasculature as demonstrated in a recent 
study where a spatial resolution of 1 mm isotropic data- 
sets was achieved in a 20-s breath-hold (3-T MRI, dedi- 
cated 32 channel chest coil) (Nael et al. 2007). 

As PH predominantly affects the small vessels, de- 
tailed analysis of pulmonary perfusion is the most 
promising technique. 3D MRI pulmonary perfusion in 



patients suffering from PH (except CTPEH) showed a 
predominantly peripheral, diffuse reduction of pulmo- 
nary perfusion (=patchy pattern) (80% of pulmonary 
lobes) and 20% of the lobes showed a normal perfu- 
sion (Ley et al. 2005). One advantage of MR perfusion 
measurements is the ability of absolute quantification, 
as demonstrated in an initial study with 40 PH patients 
(Ohno et al. 2004). In larger populations, quantitative 
perfusion analysis showed a marked reduction in pul- 
monary blood flow and an increase in mean transit time 
(Ohno et al. 2007; Ley et al. 2007b). 



6.3.2 

Chronic Thromboembolic Pulmonary 

Hypertension 

The main contributor of chronic thromboembolic pul- 
monary hypertension (CTEPH) is obstruction of the 
large pulmonary arteries by acute and recurrent pul- 
monary emboli, and organization of these blood clots 
(Dartevelle et al. 2004). Up to now, the exact patho- 
logical pathways of the development of CTEPH are not 
yet fully understood (Peacock et al. 2006): in more 
than 50% of cases, patients with CTEPH lack a docu- 
mented history of prior deep venous thrombosis (DVT) 
or PE. Thus, other conditions may be relevant for the 
onset of the disease (Peacock et al. 2006). It has been 
suggested that a primary arteriopathy and an endothe- 
lial dysfunction may lead to in situ (local) thrombosis in 
the lung, and that this could contribute to a subsequent 
failure of thrombotic resolution (Egermayer and Pea- 
cock 2000) - the thrombotic hypothesis. Furthermore, 
in some cases, a pulmonary arteriopathy could be the 
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initial pathology, and thromboembolic events may oc- 
cur as clinical sequelae rather than as the initiating fac- 
tor (McNeil and Dunning 2007). Additionally, small- 
vessel hypertensive arteriopathy, similar to that seen in 
other forms of pulmonary hypertension (PH), develops 
in small unobstructed vessels (Dartevelle et al. 2004; 
Frazier et al. 2000). 

In the THESEE study, in which perfusion lung scans 
were performed in 157 patients 8 days and 3 months 
after acute PE, a residual obstruction after 3 months was 
found in 66% of patients, and 10% of patients showed 
no resolution at all (Wartski and Collignon 2000). 
In a CTA series including 62 patients, at follow-up 13% 
of patients presented with only partial or no thrombotic 
resolution despite adequate anticoagulation therapy 
(Remy-Jardin et al. 1997). Based on these data, it can 
be understood that Pengo et al. 2004 found a cumula- 
tive incidence of symptomatic CTEPH of 3.8% after 2 
years in patients with an acute episode of pulmonary 
embolism. 

The combination of a high diagnostic sensitivity 
together with a radiation free technique makes perfu- 
sion MRI the optimal tool for monitoring of thrombus 
resolution during anticoagulation therapy (Kluge et al. 
2005). In a follow-up study, 33 patients with acute PE 
were examined with pulmonary perfusion MRI initially 



and 1 week later. A subgroup of eight patients also un- 
derwent a second follow-up examination. Between both 
examinations, pulmonary perfusion changed noticeably, 
i.e. the time-to-peak enhancement decreased, and the 
peak enhancement of affected areas increased (Kluge 
etal.2005). 

In CTEPH, the thromboembolic material follows an 
aberrant path of organization and recanalization - in- 
stead of thrombolysis - leading to characteristic abnor- 
malities such as intraluminal webs and bands, pouch- 
like endings of arteries, irregularities of the arterial wall 
and stenotic lesions (Fig. 6.2) (Dartevelle et al. 2004; 
Frazier et al. 2000; Auger et al. 2004). This aberrant 
path of obstruction and reopening occurs in repeated 
cycles over many years. Patients become symptomatic if 
approximately 60% of the total diameter of the pulmo- 
nary arterial bed is obstructed. This obstruction leads to 
an increase in pulmonary arterial pressure and vascu- 
lar resistance with subsequent cor pulmonale ending in 
right heart failure with a corresponding 5 -year- survival 
of only 30%. 

The primary treatment of CTEPH is surgical pul- 
monary endarterectomy (PEA), which leads to a per- 
manent improvement of the pulmonary hemodynam- 
ics (Madani and Jamieson 2006; Puis etal. 2005). 
The technical feasibility and success of surgery mainly 




Fig. 6.2a-d. A 32-year-old female 
CTEPH patient with the characteris- 
tic angiographic findings: intralumi- 
nal webs and bands, abrupt vessels 
cut-offs, and abnormal proximal-to- 
distal tapering, a Maximum intensity 
projection (MIP) reconstruction 
of preoperative ce-MRA (TR7 
TE = 3.34/ 1 .23 ms; flip angle = 25°, 
iPAT-factor = 2, GRAPPA algorithm). 
b,c Multiplanar reconstructions 
demonstrate intraluminal webs and 
bands in the pulmonary arteries 
{arrows), d Postoperatively, there is 
a nearly complete normalization of 
pulmonary arterial vasculature in 
the right lung and a reopening of 
many segmental pulmonary arteries 
in the left 
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depend on the localization of the thromboembolic 
material: surgical accessibility is given if the organized 
thrombi are not located distal to the lobar arteries or to 
the origin of the segmental vessels in order to develop a 
safe dissection plane for endarterectomy (Jamieson and 
Kapelanski 2000). Between 10% and 50% of referred 
patients may not be considered eligible for this proce- 
dure either because of inaccessible distal thromboem- 
bolism or due to other serious comorbidities (Peacock 
et al. 2006). In these subjects, PAH-specific drug treat- 
ment can reduce the symptoms (Hoeper et al. 2005). In 
rare cases, balloon angioplasty may be considered. Lung 
(or heart-lung) transplantation can also be considered 
in selected cases where PEA is not indicated, or when 
significant pulmonary hypertension persists following 
PEA. 

Especially for diagnosis and follow-up of CTEPH 
patients MRI is well suited (Ley et al. 2003a; Prince 
et al. 2004). However, there are only few studies avail- 
able exploring the usefulness of contrast-enhanced- 
(CE-) MRA in the diagnostic work-up of CTEPH. In 
a study with 34 patients depiction of typical findings 
for CTEPH could be done using CE-MRA (Kreitner 
et al. 2004). This comprised the detection of wall-ad- 
herent thromboembolic material in the central parts 
of the pulmonary arteries down to the segmental level, 
intraluminal webs and bands, abnormal proximal-to- 
distal tapering and abrupt vessel cutoffs (Fig. 6.2). A 
thorough analysis of source images and the creation of 
multiplanar reformations were most important for the 
exact assessment of the morphological findings. Maxi- 
mum intensity projections on the other hand provided 
an overview and an impression of the arterial vascular 
tree that was comparable to those provided by the DSA 
images. Compared with selective DSA, pulmonary CE- 
MRA depicted all patent vessel segments down to the 
level of segmental arteries (533/533 vessel segments). 



For subsegmental arteries, DSA significantly detected 
more patent vessel segments than MRA (733 vs 681). 
MRA was superior to DSA in delineating the exact cen- 
tral beginning of the thromboembolic material. In all 
cases, the most proximal site as assessed by MRA cor- 
responded to the beginning of the dissection procedure 
during PEA. However, as all patients suffered from 
CTEPH and were candidates for surgery, there was no 
statement regarding the ability of CE-MRA in the dif- 
ferentiation of other causes of pulmonary hypertension. 
Postoperatively, CE-MRA enabled the delineation of 
re-opened segmental arteries and a decrease in the di- 
ameter of the central pulmonary arteries. A complete 
normalization of pulmonary arterial vasculature was 
not documented in any of the cases. 

CE-MRA of the PA in coronal orientation can be ac- 
quired in approximately 20 s which is tolerated by most 
of the CTEPH patients. However, the most dorsal and 
proximal vascular segments are often cut-off. In a se- 
ries of 15 patients with CTEPH the diagnostic accuracy 
of coronal MRA was compared to a sagittal approach 
with two separate datasets. Sagittal CE-MRA pro- 
vided a higher resolution and shorter acquisition time 
(Fig. 6.3). It proved to be superior in all assessed criteria 
like image quality, vessel coverage, depiction of patent 
peripheral arteries and pathological findings compared 
to coronal MRA, especially on a segmental level (Ober- 
HOLZERetal. 2004). 

In a study on 29 patients with either CTEPH or 
primary pulmonary hypertension (PPH), CE-MRA 
(1.0 x 0.7 x 1.6 mm 3 ) was compared with DSA and/ 
or CT- angiography (Nikolaou et al. 2005). CE-MRA 
had sensitivities between 83% and 86% for the detec- 
tion of complete vessel obstructions and free-floating 
thrombi, and sensitivities between 50% and 71% for the 
depiction of older and/or organized thrombi, webs and 
bands. The specificities ranged between 73% and 95% 




Fig. 6.3. Sagittal data sets of right (a) and left 
(b) pulmonary arteries. MIP reconstructions of 
preoperative ce-MRA ((TR/TE = 3.34/1.24 ms; flip 
angle = 25°, iPAT-factor = 2, GRAPPA algorithm), ac- 
quisition time= 13 s, 10 mL of gadobutrol). Complete 
coverage of the pulmonary arterial vasculature 
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for non-obstructing findings, and from 91% to 96% 
for occluding findings, respectively. CE-MRA enabled 
correct differentiation of PPH and CTEPH in 24 of 29 
patients (83%). As in acute PE, pulmonary perfusion 
MRI should be performed for identification of the typi- 
cal wedge-shaped perfusion defects (Nikolaou et al. 
2005). Perfusion defects were classified either as patchy 
and/or diffuse (indicative of PPH) or segmental and/or 
circumscribed (indicative of CTEPH). Compared with 
perfusion scintigraphy as the standard of reference, MRI 
had an overall sensitivity of 77% in detecting perfusion 
defects on a per-patient basis. Compared with the final 
diagnosis, MR perfusion enabled a correct diagnosis of 
PPH or CTEPH in 20 (69%) of 29 patients. The com- 
bined interpretation of MR perfusion and CE-MRA led 
to a correct diagnosis of PPH or CTEPH in 26 (90%) 
of 29 patients when compared with the final reference 
diagnosis (combination of perfusion scintigraphy with 
DSA or CT angiography). In another study, MR perfu- 
sion was used to differentiate patients with idiopathic 
pulmonary arterial hypertension (IPAH), CTEPH and 
healthy volunteers (Ley et al. 2005). Based on a per- 
segment analysis, patients with PPH showed a patchy 
and/or diffuse reduction of perfusion in 71 (79%) of 90 
segments, a normal finding in 18 (20%) of 90 segments, 
and one focal defect (1%). Patients with CTEPH showed 
focal perfusion defects in 47 (52%), an absent segmen- 
tal perfusion in 23 (26%) and a normal perfusion in 20 
(22%) of 90 segments. On a per-patient basis, there was 
no difficulty in differentiating the two pathologic enti- 
ties and in depicting the healthy volunteers. Semiquan- 
titative analysis showed that healthy volunteers demon- 
strated a significantly shorter transit time than patients 
with IPAH and CTEPH (14±1 s vs 22±4 s and 25±11 s, 
respectively). No difference was found between both 
patient populations. 



6.3.3 

Systemic Blood Supply to the Lungs 

(Bronchosystemic Shunt) 

Beside the pulmonary arteries, the lung parenchyma is 
maintained by bronchial arteries - the direct systemic 
arterial blood supply of the airways and lung paren- 
chyma (Carvalho et al. 2007). The bronchial arter- 
ies arise from the aorta, with a high level of variability, 
and drain into the pulmonary veins (Baile et al. 1985; 
Hartmann et al. 2007). In pathological conditions 
even arteries from the celiac trunk and intercostal arter- 
ies can supply to the lung parenchyma (Remy-Jardin 
et al. 2004). Normally they only contribute to nutrition 
supply and do not take part in gas exchange. During 



baseline condition, they have a maximum diameter of 
1.5 mm and are rarely seen on helical CT (Kauczor 
et al. 1994). In special pathologic conditions (e.g., occlu- 
sion of one main pulmonary artery), they also partici- 
pate in blood oxygenation - up to 25% of bronchial cir- 
culation can do so (Robertson et al. 1984). In CTEPH, 
the flow through the bronchial arteries increases and 
they become visible on helical CT angiography due to 
dilatation of the vessels (Fig. 6.4). Another important 
finding is that dilated bronchial arteries are positively 
correlated with a lower mortality rate after pulmonary 
thromboendarterectomy (Kauczor et al. 1994). Per- 
loff et al. 2003 evaluated patients with Eisenmenger 
syndrome and patients with PPH. There was no bron- 
chosystemic shunt seen in patients with Eisenmenger 
syndrome, but in PPH. Dilated bronchial arteries are 
also found in patients with inflammatory bronchial 
arterial disease (like asthma and cystic fibrosis), being 
a major cause of hemoptysis (Antonelli et al. 2002; 
Green etal. 2006). 

Up to now, direct visualization of the bronchial 
arteries was a domain of CT. Due to improved spatial 
resolution of MRA it is possible to visualize them also 
with MRI. Functional assessment of the shunt vol- 
ume was performed by MRI in patients suffering from 
CTEPH (Ley et al. 2002). The shunt volume, calculated 
by phase-contrast flow measurements in the pulmonary 
arteries and ascending aorta, correlated well (r = 0.86) 
with the cross sectional area of the bronchial arteries, 
measured on CTA. 




Fig. 6.4. A 67-year-old male patient with CTEPH. Coronary 
MPR shows a good delineation of dilated bronchial arteries 
(arrows) supplying the parenchyma of both lungs. Note wall- 
adherent thromboembolic material in the left pulmonary ar- 
tery (asterisk) 
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Functional Assessment 

6.4.1 
Morphology 

The enlargement of the central pulmonary arteries can 
be used as an indirect sign to estimate the severity of 
the pressure, although this is just a rough estimation 
as the individual pressure is heavily dependent on the 
cardiac condition. In a study of 32 patients with PH a 
diameter of the main pulmonary artery above 28.6 mm 
readily predicted the presence of pulmonary hyperten- 
sion (Kuriyama et al. 1984). A diameter of 29 mm or 
greater has a sensitivity of 87% and specificity of 89% 
for the diagnosis of PH. If this finding is associated 
with a segmental artery-to-bronchus ratio greater than 
one in three or more pulmonary lobes, the specificity 
for the diagnosis of PH rises to 100% (Bugnone et al. 
2002). 



6.4.2 

Flow and Pulsatility 

of Pulmonary Arteries 

Phase -contrast measurements of flow and velocity can 
be regarded as a link between macro- and microcircula- 
tion. They enable the determination of cardiac output of 
the right and left ventricles with low inter- and intrao- 
bserver variability and can be performed selectively in 
the right and left pulmonary arteries (Gatehouse et al. 
2005). Furthermore, they allow for a flow-profile anal- 
ysis that could be the basis for an estimation of mean 
pulmonary arterial pressure (MPAP) and pulmonary 
vascular resistance (PVR). In an animal model of pul- 
monary hypertension (pigs with infusion of thrombox- 
ane A2) the acceleration time showed the highest linear 
correlation with invasively measured mPAP (r 2 =0.75) 
(Abolmaali et al. 2007). By multiple regression anal- 
ysis, the estimate of mPAP was further increased by 
taking the maximum of mean velocities into account 
(r = 0.897). In another animal study, systolic pressure 
measurements in the main pulmonary artery showed 
good linear correlation with average flow per minute 
(r = 0.66), peak velocity (r = 0.66) and average velocity 
(r = 0.62) (Ley etal. 2008). 

The pressure wave velocity, determined by phase- 
contrast flow measurements, correlated well with inva- 
sively determined mean pressure in the main pulmo- 
nary artery (r = 0.82) in 15 PH patients (Laffon et al. 



2001). However, calculation of the pressure wave veloc- 
ity is not yet an established parameter for pressure es- 
timation. Flow measurements allow for discrimination 
of volunteers and patients with PH (Ley et al. 2007a). 
The patients showed a significantly reduced peak ve- 
locity (cm/sec) and pulmonary blood flow (L/min). In 
this group of PH patients, no relevant broncho -systemic 
shunting was found. In a large study on 59 patients of 
whom 42 patients had PAH, the average velocity showed 
the best correlation with mPAP (r = -0.73) and sPAP 
(r = -0.76). Average velocity (cutoff value =11.7 cm/s) 
revealed PAH with a sensitivity of 92.9% (39 of 42) and 
a specificity of 82.4% (14 of 17) (Sanz et al. 2007). 

Before treatment of PH can be initiated, the indi- 
viduals' response to the application of vasodilators has 
to be tested. This is usually performed during invasive 
right heart catheterization with direct pressure mea- 
surements (Rosenkranz 2007). The mean pulmonary 
artery distensibility was used as a noninvasive marker 
of acute vasodilator responsiveness in IPAH patients 
(Jardim et al. 2007). The pulmonary artery distensibil- 
ity was significantly higher in responders to treatment. 
A receiver operating characteristic curve analysis has 
shown that 10% distensibility was able to differentiate 
responders from non-responders with 100% sensitivity 
and 56% specificity. 

In CTEPH patients, a good correlation between 
maximum peak velocity in the pulmonary arteries 
and MPAP was found; however, the maximum peak 
velocity did not enable a reliable estimation of MPAP 
(Kreitner et al. 2004). This was mainly due to the lim- 
ited temporal resolution of 110 ms. In the meantime, 
phase-contrast sequences with a temporal resolution 
between 10 and 12 ms were implemented for better as- 
sessment of pulmonary arterial flow (Abolmaali et al. 
2004). In CTEPH patients the net forward volume in 
the pulmonary artery was significantly lower than that 
in the aorta (Kreitner et al. 2004). This flow differ- 
ence can be explained by the broncho -systemic shunt 
volume that is caused by dilatation of bronchial arter- 
ies that originate from the aorta and supply the lung 
parenchyma. In a former study performed on a subset 
of CTEPH patients, there was a significant correlation 
between the cross-sectional area of bronchial arter- 
ies as determined by helical CT and the shunt volume 
between the systemic arterial and pulmonary venous 
circulation as determined by MR phase-contrast flow 
measurements (Ley et al. 2002). After surgery, there 
was a complete resolution of this broncho -systemic 
shunt volume. 
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6.4.3 

Evaluation of the Right Ventricle 

and the Interventricular Septum 

With increasing severity of pulmonary hypertension, 
there is progressive right ventricular myocardial hyper- 
trophy, dilatation of the right ventricle and atrium, and 
a reduction in right ventricular contractility Moreover, 
changes in right ventricular relaxation time are ob- 
served (Caso et al. 2001). As the right ventricular sys- 
tolic pressure approaches that of the left ventricle, a par- 
adoxical systolic motion of the interventricular septum 
is observed (Fig. 6.5). However, the progress of right 



ventricular dysfunction may vary considerably in time, 
probably dependent on the duration of the underlying 
disease and the ability of the right ventricle to adapt to 
the increased afterload. 

Cine MR imaging is an accepted reference standard 
for the assessment of global and regional left and right 
ventricular function (Alfakih et al. 2003; Kunz et al. 
2005). Furthermore, MRI has shown to be more inde- 
pendent of the experience of the examining physician 
or technician (Pattynama et al. 1995). 

MRI datasets allow for a detailed geometric analy- 
sis of the interventricular septal curvature (Moses and 
Axel 2004). In 37 patients with pulmonary hyperten- 
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Fig. 6.5a-d. Patient suffering from PAH. Four chamber view 
of the patient shows a dilated right ventricle with myocardial 
hypertrophy in the diastolic phase (a) and bowing of the in- 
terventricular septum towards the left ventricle (paradoxical 



septal movement) in the systole (b). Short axis view during di- 
astole (c) and systole (d) even better illustrates the paradoxical 
septal movement 
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sion, systolic PAP higher than 67 mmHg may be ex- 
pected when leftward curvature of the interventricular 
septum is observed (Roeleveld et al. 2005a). The left 
ventricular cavity deformation (expressed as the septal- 
to-free wall curvature ratio) was assessed in 46 PH 
patients (systolic PAP > 46 mmHg). A direct linear cor- 
relation between the pressure rise in the right ventricle 
during systole and the curvature ratio was observed 
(r = 0.85, P < 0.001) (Dellegrottaglie et al. 2007). 

Cine imaging in CTEPH patients typically reveals a 
hypertrophy and dilatation of the right ventricle, a re- 
duced right ventricular ejection fraction without sub- 
stantial impairment of left ventricular interventricular 
septum (Kreitner et al. 2007). After successful PEA, 
there is a significant improvement or normalization of 
the right ventricular ejection fraction with the inter- 
ventricular septum returning to a normal movement 
in most cases (Kreitner et al. 2004; Ley et al. 2003b). 
The increased vascular resistance in CTEPH patients 
goes along with a decreased ejection fraction: the right 
ventricular ejection fraction showed a good negative 
correlation with the MPAP. However, analogous to the 
maximum peak velocity in the same study, a precise es- 
timation of MPAP was not possible. Interestingly, the 
differences between the pre- and postoperative results 
of the right ventricular ejection fraction and MPAP 
showed the best correlation (r = 0.8, slope = 0.98). 

Another study examined 17 patients with CTEPH, 
before and at 4 months after PEA using Cine-MRI and 
invasive pressure measurements. After PEA pulmonary 
hemodynamics improved, and right and left ventricular 
volumes and leftward ventricular septal bowing nor- 
malized; right ventricular mass decreased significantly 
(p< 0.0005), but did not completely normalize. The 
change in total pulmonary resistance correlated with 
the change in right ventricular ejection fraction, right 
ventricular mass and leftward ventricular septal bowing 
(Reesink et al. 2007). 

At present, cine and phase-contrast MR imaging 
enable a reliable assessment of the functional improve- 
ment of the CTEPH patient after technically successful 
(Kreitner et al. 2004; Ley et al. 2003b). The absolute 
estimation of PAP using MRI is actually still not pos- 
sible (Roeleveld et al. 2005b). 
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KEY POINTS 



Pulmonary arterial vascular diseases can be ei- 
ther congenital or acquired. The spectrum of the 
congenital pulmonary vascular malformations 
includes abnormalities of the pulmonary arterial 
system and partial or total abnormal pulmonary 
venous return. Diseases of the pulmonary ves- 
sels, other than thromboembolic diseases (refer to 
Chap. 6), are either primary tumors of the vessels 
or external compression. The following sections 
are organized accordingly, covering congenital 
pulmonary vascular malformations, arteriovenous 
malformations and other diseases of the pulmo- 
nary vasculature. With increasing experience and 
development of new surgical techniques, more and 
more complex forms of congenital cardiovascular 
diseases can be corrected. All surgical approaches 
significantly benefit from detailed three-dimen- 
sional (3D) presentation of the complex anatomy, 
which can be acquired using MRI. 
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Imaging of Congenital Heart Disease 

The heterogeneity of anatomy, age, surgical procedure, 
and institutional management protocols contradicts 
development of clear imaging guidelines (Bhat et 
Sahn 2004). 

Echocardiography is the primary examination in 
neonates, infants, and young children, and therefore the 
most frequently used noninvasive technique to exam- 
ine cardiac morphology and function. In older patients, 
particularly those with complex or surgically corrected 
malformations, information acquired with transthoracic 
echocardiography may not be satisfactory. Scar, bone, or 
lung tissue and chest deformations interfere with small 
acoustic windows. Transesophageal echocardiography 
obviously provides a better field of view in adults, espe- 
cially since biplanar probes have become available. Still, 
echocardiography is often not sufficient in imaging of 
the pulmonary arteries. 

Conventional digital catheter angiography (DA) has 
long been the gold standard for the evaluation of car- 
diac anatomy and function. Additionally, it is the only 
method to determine pulmonary vascular pressure and 
oxygen saturation. However, DA is invasive and has a 
considerable complication rate, and requires the use of 
ionizing radiation and intra- arterial administration of 
iodinated contrast media (Hoeper et al. 2006). 

Due to fast acquisition of high-spatial resolution im- 
ages, allowing for 3D postprocessing, MDCT is actually 
a very common imaging modality. However, the lack of 
hemodynamic measurements, application of radiation, 
and iodinated contrast media makes it an unfavorable 
imaging technique for pediatric patients, as it is known 
that children are more sensitive to the effects of ionizing 
radiation than adults are. 

With the technical development of MRI, this tech- 
nique has increasingly been used for noninvasive assess- 
ment of the pulmonary vasculature (Eichhorn et al. 
2004; Simonetti and Cook 2006). As the pulmonary 
arteries are rarely affected alone, it is important to exam- 
ine the heart, the pulmonary, and the systemic vascula- 
ture in the first workup with a focus on the vascular di- 
ameters for surgical connectivity. If only the pulmonary 
arteries are affected, then contrast- enhanced techniques 
are well suited for sufficient imaging. If the placement 
of a conduit is considered, the most important task for 
imaging is to preoperatively provide accurate luminal 
diameters in order to determine the prospective size of 
the conduits. Postoperatively, conduit stenosis or insuf- 
ficiency has to be ruled out frequently. In case of slow 
and/or turbulent flow, contrast- enhanced imaging may 



be quite difficult, as the contrast material might not fill 
the vascular lumen homogenously The visualization of 
all the vascular pathologies in complex congenital heart 
disease (CHD) is still a challenge for the radiological 
techniques CT and MRI. In these cases, the contrast 
bolus is often diluted due to intracardial or extracardial 
shunts with mixing of non-contrast-enhanced blood. 
Severe imaging artifacts can occur in CT and MRI after 
surgical and interventional procedures due to metal ar- 
tifacts, such as conduits with valves, coil material, stents, 
from former interventions (Maintz et al. 2003). 

Today, cardiovascular MRI is most often performed 
using 1.5-T scanners, due to the optimized coil and 
sequence technology (Naganawa etal. 2004). The in- 
creased specific absorption rate at high field MRI (3 T) 
is still a challenge for imaging using the standard steady- 
state free-precession techniques (Gilmore et al. 2004). 

MRI in children younger than of 5 years usually re- 
quires some form of sedation to tolerate the examina- 
tion. Subsequently, free-breathing techniques are nec- 
essary with increasing examination times. To acquire 
sharp images of the pulmonary vasculature, single-shot 
techniques like half-Fourier single-shot turbo spin 
echo (HASTE) or steady-state free-precession (SSFP) 
sequences are utilized (Fig. 7.1) (Weiss etal. 2005). 
Combining those with a saturation pulse, the vessels are 
dark and can be well delineated. However, they can still 
be hazy, and the saturation is not perfect in case of tur- 
bulent flow. Turbo spin echo (TSE) sequences are also 
fast imaging techniques with sharp delineation of the 
vessels (Weiss et al. 2005). For reduction of blurriness, 
averaging of the sequences (e.g., three averages) may be 
preferable. Usual acquisition times for a three-times- 
averaged TSE sequence of the thorax are 3 min. Using 
spin echo sequences, the internal vascular diameter is 
underestimated compared to DA. In a phantom study, 
an underestimation of 10-20% of linear dimensions 
was found (Holmquist et al. 2001). 

Another possible solution for visualization of the 
vasculature is the use of time- resolved MR angiography 
techniques. The spatial resolution is reduced (1.4 x 1.4 
x 2.0 mm 3 ) to increase temporal resolution (6 s per 3D 
data set) (Fink et al. 2003). Thus, motion artifacts are 
minimized, and a separation of arteries and veins can be 
achieved. Also, due to the time resolved approach, con- 
trast media timing is not necessary. 

The low body weight (b.w) of children makes it 
necessary to apply 0.2 mmol/kg/b.w of a 0.5 M contrast 
media (MacGowan et al. 2005). However, for evalua- 
tion of subtle stenoses, time-resolved MR angiography 
may be not sufficient. In a study including children 
from 2 days to 5 years, the delineation of the vascular 
lumen was therefore further increased by injection of 
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Fig. 7.1a, b. Steady state free-precession (SSFP) sequence 
(a) compared with a Tl GRE (VIBE) (b) acquired in coronal 
orientation. Images show a persistent left vena cava superior 



{arrow). Note the good inherent vascular signal of the SSFP 
technique. These fast- acquisition techniques allow for a rapid 
evaluation of vascular pathologies 



0.2 mmol/kg/b.w. of a 1 M contrast media (Fries et al. 
2005). However, the use of this contrast agent (e.g., ga- 
dobenate dimeglumine [Gd-BOPTA]) in children is 
off-label and requires special permission (Grist and 
Thornton 2005). 

Especially in children with unknown CHD, time- 
resolved MR angiography also allows for characteriza- 
tion of the pulmonary perfusion, due to the time course 
of contrast enhancement in the lung parenchyma (i.e., 
pulmonary arterial or systemic) (Boll et al. 2005). 

In patients compliant in performing a breath-hold, 
acquisition of high-spatial-resolution angiography 
datasets (1.2 x 1.0 x 1.6 mm 3 ) can be performed (Ley 
et al. 2005). Using this technique, even subtle variations 
in luminal diameters can be assessed. 

A volume interpolated breath-hold technique 
(VIBE) (breath-hold preferred, averaging possible) al- 
lows for high-spatial-resolution Tl -weighted imaging. 
After contrast media injection, it can be used to demon- 
strate the relationship between airways and the pulmo- 
nary vasculature (Biederer et al. 2003). This technique 
was already successfully combined with cardiac and 
respiratory gating and used in non- contrast- enhanced 
coronary arterial imaging in adults (Jhooti et al. 2000). 
Due to double gating, this technique may be promising 
for pediatric imaging. 

Another technique, also adapted from coronary 
imaging, is a free-breathing 3D double-slab fast imag- 
ing with steady-precession MR angiography (3D FISP 
MRA) (Sorensen et al. 2004, 2005). The resolution with 



a voxel size of 1.25 x 1.25 x 1.25 mm 3 enables excellent 
diagnosis, even in infants with vascular rings and slings 
(GREiLetal.2005). 

Major aortopulmonary collateral arteries (MAPCA) 
can also be visualized by MRA, but only if these arteries 
are markedly dilated (Boechat et al. 2005). 

The creation of multiplanar reformats is necessary 
to accurately assess the vascular diameter after surgery 
(Sorensen et al. 2005). After arterial switch operation 
(ASO) for complete transposition of the great arteries in 
some cases, narrowing of pulmonary arteries is associ- 
ated with oval vessel diameters. In these patients, special 
attention should be focused on the central part of the 
pulmonary arteries, and MPRs have to be performed. 
Conventional angiography should only be performed 
when intervention is planned (Weiss et al. 2005). 

Beside good visualization of the vasculature, MRI 
is capable of assessing the blood flow through arteries 
and veins by phase-contrast flow measurements (Ro- 
man et al. 2005; Gatehouse et al. 2005). This enables 
quantification of shunt volumes and can be used to 
identify stenosis by an increased peak velocity. The pres- 
sure gradient across a stenosis can be calculated with 
the modified Bernoulli equation (Varaprasathan 
et al. 2002). However, quantitative pressure estimates of 
the pulmonary arterial system are still not possible us- 
ing MRI. Therefore, invasive pressure measurements are 
still mandatory (Nakanishi 2005). 

A basic MRI examination protocol should include 
a contrast- enhanced angiography and techniques for 
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non-contrast-enhanced visualization of the pulmonary 
vasculature. The FOV should cover the entire thorax 
of the patient to include secondary anomalies not sus- 
pected before. Overall, MRI enables good visualization 
of the pulmonary vasculature with and without contrast 
media. It is capable of acquiring functional cardiac in- 
formation or blood flow distribution to the pulmonary 
and systemic circulation. As the main drawback, rather 
long examination times and the use of sedatives are 
to be mentioned. A typical MR examination protocol 
is the following suggested MRI protocol for pediatric 
patients with proven or suggested congenital vascular 
disease (taken from Ley et al. 2007). (Note that these 
techniques are aimed for optimal visualization of the 
pulmonary arteries and include no functional cardiac 
information.): 

• Localizer 

• HASTE coronal dark blood (ECG and respiratory 
gated) 

• HASTE transversal dark blood (ECG and respira- 
tory gated) 

• Tl TSE transversal dark blood (ECG gated, breath- 
hold or three averages) 

• Tl TSE coronal dark blood (ECG gated, breath-hold 
or three averages) 

• Time-resolved angiography (4 s per 3D dataset) 

• Postcontrast Tl VIBE (breath-hold or three aver- 
ages) 

• 3D True fast imaging with steady- state precession 
(TrueFISP) coronal or transversal with ECG and re- 
spiratory gating (1.0 x 1.0 x 1.0 mm 3 ) 

• Phase-contrast flow measurements (pulmonary 
trunk, right and left pulmonary artery, and ascend- 
ing aorta) 

Recent advances in rapid MR imaging have enabled 
fully MR-guided intravascular interventions in closed- 
bore clinical whole-body MR scanners (Sequeiros 
et al. 2005). Dedicated active catheters and fast-imaging 
sequences with automatic slice positioning in combina- 
tion with a dedicated user interface for intravascular 
procedures are a mandatory prerequisite for safe appli- 
cation of the technique (Bock et al. 2006). First reports 
in animal models demonstrate the possibility of placing, 
i.e., Amplatzer® septal occluders under MRI guidance 
(Rickers et al. 2003). MRI guidance of percutaneous 
transluminal balloon angioplasty (PCTA) of aortic co- 
arctation was shown as a suitable alternative to conven- 
tional fluoroscopy for catheter-based treatment in a pi- 
lot study with patients (Krueger et al. 2006). 

Coils, stents, occluders, and clips lead to enormous 
artifacts, making it sometimes impossible to perform 
MRI. After catheter interventional therapy for patent 



ductus arteriosus, left pulmonary arterial stenosis may 
occur. Therefore, MDCT using a low-dose protocol 
should be performed to rule out pulmonary stenosis. 
Because of artifacts, echocardiography often does not 
provide enough information in this particular condi- 
tion. DA should only be considered if a pressure mea- 
surement is necessary. 



Congenital Pulmonary Vascular Diseases 

CHD is the collective term for congenital malforma- 
tions affecting the heart, pulmonary arteries, and aorta. 
Most cases of CHD are thought to be multifactorial and 
a result from a combination of genetic predisposition 
and environmental stimulus. Due to the complex nature 
of CHD, single numbers for uniform types of malforma- 
tions affecting the pulmonary arteries are not known. 
In general, CHD occurs in 0.5-0.8% of live births, in- 
dicating that about 1.5 million children are born with a 
cardiac malformation worldwide each year (Hoffman 
1996). The spectrum of anatomic malformations is 
reaching from relatively simple to very complex enti- 
ties. About 2-3 out of 1,000 newborn infants will be- 
come symptomatic with heart disease in the first year of 
life. Nowadays, the diagnosis is most often established 
within the first month (Bernstein 2004). 



7.2.1 

Congenital Pulmonary Arterial Disorders 

7.2.1.1 

Stenosis of the Pulmonary Valve, 

the Pulmonary Artery, and its Branches 

The most common right ventricular outflow obstruc- 
tion is isolated pulmonary stenosis, which accounts for 
7-10% of all CHD. Stenosis may occur anywhere along 
the major branches of the pulmonary arteries, and 
ranges from mild to severe and from circumscript to 
extensive forms (Fig. 7.2). Frequently, these anomalies 
are associated with other types of CHD, including te- 
tralogy of Fallot (TOF), ventricular septal defect (VSD) 
and atrial septal defect (ASD). Moderate stenosis of the 
pulmonary arteries can be treated with repeated balloon 
angioplasty. In case of severe stenosis or hypoplasia of 
the pulmonary artery (Fig. 7.3), surgical interposition 
of patch material or a conduit becomes necessary. Af- 
ter this procedure, stenosis may occur at any structure 
within or in the neighborhood of the central pulmonary 
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Fig. 7.2a, b. Stenosis of the right pulmonary artery in a 
12-year-old girl. Images were acquired using an ECG-gated 
and respiratory-triggered 3D SSFP technique with isotropic 
1 mm spatial resolution. Primary image acquisition was axial 
(a); however, the datasets allow for any reformation, like sagit- 
tal (b). The arrow points at the subsequent stenosis of the left 
main bronchi 




^\ 
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Fig. 7.3a-e. Hypoplastic left pulmonary artery, (a) ECG-gat- 
ed and respiratory-triggered 3D SSFP technique with isotro- 
pic 1-mm spatial resolution. Note the size difference between 
the right (normal) and hypoplastic left pulmonary artery, 
(b) High-spatial-resolution contrast-enhanced MRA showing 
the difference in blood distribution between both lungs, (c-e) 
Another patient with an aplasia of the right pulmonary artery. 
3D SSFP technique (c) and contrast-enhanced time-resolved 
(d, e) {see next page) 



126 S. Ley and J. Ley-Zaporozhan 




Fig. 7.3a-e. (continued) Hyp- 
oplastic left pulmonary artery (c-e) 
Another patient with an aplasia 
of the right pulmonary artery 3D 
SSFP technique (d, e) angiographic 
images nicely depict the lack of 
perfusion of the right lung as well as 
a smaller pulmonary volume on the 
right side 



artery or the conduit. Therefore, visualization of the in- 
ternal lumen of the conduit, its wall structure, and the 
anastomosis to the left and right pulmonary artery is 
important in the follow-up. 

Circumscript malformations of the pulmonary ar- 
tery and its post interventional course can be visualized 
well using high-resolution MRA. Additional informa- 
tion about valve regurgitation can be obtained by MR 
phase-contrast imaging (Gatehouse et al. 2005). In a 
large study on 28 infants aged younger than 3 months 
with CHD mainly affecting the PA or RVOT, MRA 
proved to be in consensus with DA. However, in this 
study, a high dose of contrast media of 0.4-0.5 mmol/ 
kg/b.w was applied, and scanning was performed in 
suspended mechanical ventilation. However, no adverse 



contrast media effects were found, and the pulmonary 
vessels were sharply delineated (Prakash et al. 2007). 



7.2.1.2 

Pulmonary Sling 

(Origin of the Left Pulmonary Artery 

from the Right Pulmonary Artery) 

The left pulmonary artery arises aberrantly from the 
right pulmonary artery and runs behind the trachea 
and esophagus to the left side (Fig. 7.4) (Berdon 2000). 
This situation leads either to an acute and severe airway 
compression (infants) or to signs of chronic obstructive 
lung disease or asthma (childhood and young adults). In 





Fig. 7.4a-f. Pulmonary sling, (a) Coronal angiographic data- 
set with the left pulmonary artery (PA) originating from the 
right PA. The left PA encircles the trachea during its course 
through the mediastinum. This can also be demonstrated with- 
out contrast media (b), using an ECG-gated and respiratory- 
triggered 3D SSFP technique, (c) (see next page) 
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Fig. 7.4a-f. (continued) Pulmonary sling, (c) The SSFP cine 
sequence allows for functional assessment of the effect on the 
trachea showing no compression, (d) Patient after surgical cor- 
rection of a pulmonary sling. The reinsertion of the left pulmo- 
nary artery is to far distally with subsequent compression of 



the left main bronchus {arrow), which is even better illustrated 
in the sagittal reformat (e). (f) Contrast-enhanced MRA shows 
the anatomic course, which resembles a preoperative situation 
as in (a) 



a large series, the prevalence of a pulmonary sling was 
1 in 17,000 (186,213 school-aged children were exam- 
ined) (Yu et al. 2008). Surgical correction is performed 
with attachment of the left pulmonary artery to the pul- 
monary trunk ventrally to the aorta. Imaging needs to 
display the pulmonary arterial anatomy as well as the 
relationship to the airways. MR imaging in 10 patients 
(aged 6 months to 11 years) with clinically suspected 
ring or sling malformation (3 of them with pulmonary 
sling) was able to demonstrate the topographic relation 
to the adjacent soft tissue structures (esophagus, tra- 
chea, or bronchi). MR findings were confirmed surgi- 
cally (Eichhorn et al. 2004). 



7.2.1.3 

Anomalous Origin of One Pulmonary Artery 

In this rare malformation, one pulmonary artery origi- 
nates abnormally from the aorta, leading to an unbal- 
anced blood flow and unilateral pulmonary hyper- 
tension. Mainly, the right pulmonary artery shows an 
anomalous origin (82%). Surgical intervention includes 
resection of the abnormal pulmonary artery and anasto- 
mosis with the pulmonary trunk, using a small conduit. 
In order to achieve sufficient growth of the pulmonary 
vessels, conduits need to be replaced once or twice dur- 
ing childhood and adolescence. MRI is well suited for 
pre- and postoperative evaluation (Kim et al. 1995). 
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7.2.1.4 

Tetralogy of Fallot or Pulmonary Atresia 

with VSD or Hypoplastic Pulmonary Artery 

In these situations, blood flow through the pulmonary 
valve or artery is highly diminished or even absent, 
leading to severe cyanosis. TOF is the most common 
type of cyanotic CHD, with an incidence of 356 per 
million live births (Dorfman and Geva 2006). The 
degree of right ventricular outflow tract (RVOT) ob- 
struction varies from mild to complete obstruction. Pul- 
monary blood flow is dependent on a patent ductus ar- 
teriosus (PDA) or collateral vessels (MAPCA) (Fig. 7.5). 
In order to obtain sufficient pulmonary blood flow and 
vessel growth of the pulmonary arteries, a stable aor- 
topulmonary connection needs to be established. Later, 
further operations are usually necessary to palliate the 
malformation. The so-called Blalock-Taussig procedure 
was first successfully performed in 1944. The right or 
left subclavian artery and the ipsilateral pulmonary 
artery were connected in cyanotic patients with TOF 
(Blalock and Taussig 1945). Nowadays, this op- 
eration is not performed often, as only one pulmonary 
artery will be sufficiently perfused. Central aortopul- 
monary shunts or a direct connection of the hypoplas- 
tic pulmonary trunk to the aorta are preferred, as they 
lead to a balanced growth of both pulmonary arteries 
(Duncan et al. 2003). 




Fig. 7.5. Large open ductus arteriosus Botalli in newborn 
child with a TOF acquisition. Time-resolved contrast-enhanced 
angiography presents the vascular anatomy. The arrow points at 
the open ductus arteriosus Botalli 



Preoperative assessment of the vascular structures 
(pulmonary arteries, aorta, and collaterals) is pos- 
sible with MRI but requires relatively long scan times 
for complete anatomical coverage, and small vessels 
(<2 mm) may not be detected. Still, DA is preferred in 
most centers because of the potential risk of a cyanotic 
spell and the necessity of high-quality coronary imag- 
ing in very small infants. However, one study showed 
the excellent capabilities of MRI in 10 patients in whom 
the central pulmonary arteries had not been visualized 
at DA, and showed that angiography had failed to dem- 
onstrate the main pulmonary in seven cases the proxi- 
mal left pulmonary artery in two cases, and the entire 
pulmonary arterial tree in one case (Choe et al. 1998). 
At follow-up, growth of the pulmonary arteries can be 
evaluated excellently using MRI and should be pre- 
ferred over MDCT. The time of re -intervention may be 
determined without serial DA or CTA. 

Collateral vessels arising from the aortic arch 
(MAPCA) are mostly found in TOF or pulmonary atre- 
sia with VSD and with hypoplastic pulmonary artery. 
Lung perfusion is partly established by these systemic 
vessels. Surgeons are especially interested if these vessels 
are suitable for connection to the pulmonary arteries or 
if they provide an unbalanced, high-pressure blood flow 
situation, leading to pulmonary hypertension. Com- 
pared with DA, MRA has been shown to be highly accu- 
rate in depicting all sources of pulmonary blood supply 
in patients with complex pulmonary stenosis or atresia, 
including infants with multiple small aortopulmonary 
collaterals (Geva et al. 2002). 



7.2.1.5 

Pulmonary Sequestration 

Pulmonary sequestration is a multifocal malformation, 
which is defined as a segment of lung parenchyma that 
is separated from the tracheobronchial tree and is sup- 
plied with blood from a systemic rather than a pulmo- 
nary artery. The blood supply usually comes from the 
descending thoracic aorta, but in about 20% of cases, it 
comes from the upper abdominal aorta, celiac artery, or 
splenic artery (Konen et al. 2003). Surgical procedures 
include ligation of the afferent vessels and/or resection 
of the pulmonary malformation. 

In these malformations, MDCT is superior to most 
other techniques, providing excellent information of 
both the vessels supporting the malformation (arterial 
and venous) and especially the structure of the lung pa- 
renchyma inside the malformation. Visualization of the 
lung parenchyma is difficult using MRI or DA, however 
being an essential part of the diagnosis. 
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7.2.1.6 

Single-Ventricle Morphology 

In single -ventricle morphology of the heart (tricus- 
pid atresia, double-inlet left ventricle), cavity volume 
increases as a consequence of the excessive volume 
load associated with parallel pulmonary and systemic 
circulations (Gewillig 2005). The Glenn procedure 
(hemi-Fontan) was conceived as a means of accom- 
plishing early reduction of the volume load of the single 
ventricle, in anticipation of eventual completion with a 
Fontan-like operation. The Glenn procedure includes 
association of the superior vena(e) cava(e) (SVC) with 
the branch pulmonary arteries, augmentation of the 
central pulmonary arteries, occlusion of the inflow of 
the SVC into the right atrium, and elimination of other 
sources of pulmonary blood flow (like patent ductus ar- 
teriosus). Other cardiac malformations have to be cor- 
rected at the same time, or at least before a Fontan-like 
operation. This may include atrial septectomy, relief of 
aortic arch obstruction, repair, or revision of anomalous 
pulmonary venous connection, and other procedures 
(Jacobs and Pourmoghadam 2003). 

During total cavopulmonary connection (TCPC),the 
inferior vena cava (IVC) is connected to one pulmonary 
artery using an extra- or intracardiac conduit (Fig. 7.6) 



(Oh ye and Bove 2001). Throughout the different 
surgical stages visualization and quantification of the 
caval connections to the pulmonary arteries is essential. 
Due to the complex and slow flow pattern, contrast- en- 





Fig. 7.6a-c. Female patient with a functional single ventricle 
after a total cavopulmonary connection. A large patch was 
formed running at the right lateral side of the heart (a arrow). 



The superior vena cava was connected directly to the pulmo- 
nary arteries (b dotted arrow), (c) Conventional angiography of 
the inferior "vein" being connected to the pulmonary arteries 
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hanced imaging can be difficult in ruling out stenosis. 
Time-resolved MRA techniques describe the main 
blood flow direction and visualize pulmonary blood 
distribution. In addition, information of function of the 
single ventricle can be obtained. Still, DA is performed, 
mainly because exact estimation of pulmonary pressure 
is mandatory before Glenn procedure or TCPC. 



7.2.1.7 

Transposition of the Great Arteries 

Transposition of the great arteries (TGA) accounts 
for approximately 5% of all CHD. In this anomaly, the 
aorta arises from the right ventricle and the pulmonary 
artery from the left ventricle, while the systemic and 
pulmonary veins return normally. In contrast to the 
normal situation, where the aorta is posterior to the 
pulmonary artery, the aorta is anterior and to the right 
of the pulmonary artery in d -transposition of the great 
arteries. Since the original report from Jatene and col- 
leagues in 1976 the arterial switch operation (ASO) 
has become the procedure of choice for neonates with 
complete transposition of the great arteries. The opera- 
tion involves dividing the aorta and pulmonary artery 
just above the sinuses and re- anastomosing them in 
their correct anatomic positions. The coronary arteries 
need to be removed from the former aortic root along 



with a button of aortic wall and re-implanted into the 
so-called neoaorta (former pulmonary root). Although 
anatomic correction is achieved, there is still concern 
about the mid- and long-term outcome of these pa- 
tients. Postoperatively, there are three major problems 
requiring cardiac imaging (Losay et al. 2001). The first 
is the detection of coronary pathology, leading to myo- 
cardial dysfunction of both ventricles. The second is 
the aortic root dilation, leading to aortic regurgitation. 
The third and most frequent problem is the postopera- 
tive supravalvular pulmonary stenosis. In most cases, 
there is a stenosis of one or both pulmonary branches 
as they take their way around the ascending aorta. This 
region cannot be visualized sufficiently by echocar- 
diography, and therefore, supplementary imaging is 
necessary. Assessment of the systemic right ventricular 
function is a key point in the follow-up of patients with 
TGA. Ejection fraction determined by cine MRI of the 
right ventricle correlates well with echocardiography 
in these patients (Salehian et al. 2004). Furthermore, 
MRI allows excellent 3D visualization of the central 
and peripheral pulmonary vasculature after correc- 
tion of TGA, and is therefore the modality of choice 
for follow-up (Fig. 7.7) (Weiss et al. 2005). In the case 
of severe pulmonary stenosis, additional DA is needed 
to measure pressure gradients across the stenosis 
(Gutberlet et al. 2001). 




Fig. 7.7. Situation after surgical 
correction of transposition of the 
great arteries. This volume rendered 
image shows the anatomy, with 
the ventral position of the main 
pulmonary artery and the dorsal 
ascending aorta. The right and left 
pulmonary arteries run anterior of 
the aorta to the periphery 
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7.2.2 

Congenital Pulmonary Venous Disorders 

Generally, there are a total of four pulmonary veins 
(PVs), with one pair of veins opening into the left 
atrium on each side. Anomalous pulmonary venous 
drainage may be partial or complete, resulting in dif- 
ferent levels of magnitude of left-to-right shunts. Young 
patients are usually asymptomatic; dyspnea on exertion 
becomes increasingly common in the third and forth 
decades of live. 

The complete form, known as total anomalous pul- 
monary venous connection (TAPVC), is compatible 
with life only in patients with a coexisting ASD or pat- 
ent foramen ovale (Stein 2007). Three main types are 
distinguished, in descending order of frequency: 
1. Supracardiac type: the anomalous PVs unite poste- 
rior to the atria and drain into a left ascending ves- 
sel that opens into a persistent superior vena cava. 
The blood then enters the right atrium by way of the 
left innominate vein and right superior vena cava 
(Fig. 7.8). 



2. Intracardiac type: the anomalous PVs unite to form 
a short vessel that opens into the coronary sinus. 

3. Infracardiac type: the anomalous PVs drain into the 
portal vein, hepatic vein, left gastric vein, directly 
into the inferior vena cava, directly into the right 
atrium, or into the right atrium by way of a collect- 
ing vessel. 

In partial anomalous pulmonary venous connection 
(PAPVC) some of the PVs are not connected to the 
right atrium (RA), and in few cases only a single vein 
communicates with that chamber. Evidence of right 
ventricular overload with no apparent intracardiac 
shunt should prompt a search for PAPVC. In the most 
common configuration, the right superior pulmonary 
vein opens into the superior vena cava or RA. A spe- 
cial form is the scimitar syndrome, with a hypoplastic 
right lung and partial or total anomalous drainage of 
the right pulmonary vein into the inferior vena cava 
(Fig. 7.9) (Holt etal. 2004). 

The relative frequency of PAPVC is approximately 
0.6% of all congenital anomalies, while TAPVC ac- 




Fig. 7.8. A 14-year-old boy with 
palpations during exercise. During 
echocardiography, a turbulent flow 
profile in the SVC was detected. 
Gd-enhanced 3D MRA (oblique 
coronal subvolume maximal 
intensity projection) shows a 
partially anomalous pulmonary 
venous connection of the left upper 
pulmonary vein (arrow) to the left 
innominate vein 
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Fig. 7.9a,b. MRA of a female patient with a scimitar vein. 
The venous blood of the right lung drains into this collecting 
vein, which is connected to the inferior vena cava. This results 
in a shunt volume of 55% (as proven by MR flow and invasive 
measurements), (a) Coronal (10-mm MIP) and (b) sagittal 
reformat (20 mm MIP) 




counts for 0.4% (Moos 2001). Anomalous pulmonary 
venous drainage imposes a volume overload on the 
pulmonary circulation, with subsequent volume load- 
ing and dilatation of the left ventricle. PAPVC is usually 
asymptomatic and is often detected incidentally. 

If a clinical concern for PAPVC cannot be resolved 
by echocardiography with confidence, then MRI is the 
most appropriate additional test. PVs are generally ad- 
equately visualized in axial Tl -weighted SE sequences. 
Adding thin-slice acquisitions or a dynamic GE sequence 
with bright-blood vascular imaging may also be produc- 
tive in patients with more complex vascular anatomy. 

Several studies assessing the accuracy and utility of 
contrast- enhanced 3D MRA have shown a high level of 
agreement between findings on MRA compared with 
surgical inspection and DA. For preoperative planning, 
3D MIP reconstructions are valuable, as they clearly de- 
fine the course of the PVs. MRA was uniformly more 
accurate than were transthoracic and transesophageal 
echocardiographies. MR studies often diagnosed previ- 
ously unknown PAPVC or added new clinically impor- 
tant information regarding PAPVC anatomy (Kivelitz 



et al. 1999; Greil et al. 2002; Prasad et al. 2004; Wald 
and Powell 2006). The shunt volume can be quanti- 
fied by performing flow measurements in the ascending 
aorta and pulmonary trunk. It is worth noting that in 
patients with PAPVC, systemic blood flow/pulmonary 
blood flow (Qp/Qs) ratio measurements by oximetry in 
the catheterization laboratory are inherently inaccurate 
because of the difficulty in obtaining a reliable, repre- 
sentative mixed systemic venous saturation. 



7.2.3 

Pulmonary Arteriovenous Malformations 

Pulmonary arteriovenous malformations (PAVMs) 
result from fistula formation between the pulmonary 
arteries and veins. Blood flow bypasses the pulmonary 
capillary bed, giving rise to a functional right- to -left 
shunt. The prevalence of PAVM is approximately 2-3 
per 100,000 population. The great majority of PAVMs 
(80%) are congenital. Within this group, PAVMs are 
present in 47-80% of patients with autosomal dominant 
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Osler-Weber-Rendu syndrome (hereditary hemor- 
rhagic telangiectasia) (Khurshid and Downie 2002). 
Other cases are not referable to a specific syndrome, 
although a genetic link to the 9q3 chromosome has 
been suggested. 

Acquired AV shunts may have various causes like 
trauma, infection, metastatic carcinoma, mitral steno- 
sis, and hepatic cirrhosis. AV shunts may develop due 
to metastatic involvement of the lung parenchyma. This 
possibility should be considered in patients who de- 
velop sudden hemoptysis after successful chemotherapy 
(Choi etal. 2003). 

A large, long-term follow-up study documented the 
superiority of sectional imaging modalities over con- 
ventional angiography. CTA (incremental and single- 
slice spiral CT) achieved a detection rate of 98% of all 
PAVMs, while angiography detected only 60% (Remy 
et al. 1992). In a study comparing DA and MRA, MRA 
could correctly define the location of the PAVMs in 16 
of 16 cases. The parent vessel and the size of the feeding 
vessel could be accurately determined in 14 of 16 cases. 
In 2 cases, the feeding vessels were not contained in the 
slice package (Mohrs et al. 2002). This limitation no 
longer exists in the current generation of scanners, and 
both sectional modalities may be considered equivalent 
in the evaluation of PAVMs. 



Acquired Pulmonary Venous Disorders 

In the absence of congenital anomalies, there is rarely 
an indication for diagnostic imaging of the pulmonary 
veins. The most frequent indication at present is pre- and 
postinterventional imaging of the pulmonary veins be- 
fore and after radiofrequency ablation. Atrial fibrillation 
is the most common cardiac arrhythmia, with a preva- 
lence of approximately 5% in persons over 65 years of 
age (Falk 2001). Percutaneous catheter ablation using 
radiofrequency or cryoablation is a minimally invasive 
procedure for destroying arrhythmogenic foci. Because 
the origin of the pulmonary vein varies slightly due to 
the rotation of the left atrium during embryonic devel- 
opment, preinterventional imaging is recommended 
(also to exclude previously undetected normal variants 
or anomalous origin). 3D imaging is useful for planning 
the optimum size of the catheter balloon. The most fre- 
quent complication of catheter ablation (prevalence of 
1.5-42%) is stenosis of the pulmonary veins. Other pos- 
sible complications are thrombosis or dissection. Pul- 
monary vein stenosis develops during the first few days 
after the procedure, as initial tissue swelling is followed 



by the development of fibrotic changes. Clinical mani- 
festations are progressive dyspnea, orthopnea, nonpro- 
ductive cough, infection, and hemoptysis (Ghaye et al. 
2003). Time-resolved angiographic techniques with 
adequate in-plane resolution should be used to achieve 
optimum timing of the contrast bolus for pulmonary 
vein imaging (Rahmani and White 2008). Optimum 
bolus timing varies in different patients (and in different 
PV segments), especially in the presence of pulmonary 
vein stenosis. After contrast media application, MRI can 
be used for therapy control by using late-enhancement 
imaging techniques. This allows the precise localization 
of the scar tissue and the relationship to the orifice of 
the PV (Peters et al. 2007). 



Tumors of the Pulmonary Vessels 

7.4.1 

Central Pulmonary Arteries: Leiomyosarcoma 

Leiomyosarcoma is the most frequent tumor of the pul- 
monary arteries and veins (pulmonary artery sarcomas 
[PAS] and pulmonary vein sarcomas [PVS]). It arises 
from the smooth muscle cells of the media (Mayer 
et al. 2007). Completely intravascular leiomyosarcomas 
are usually nodular, polypoid tumors that are fixed to 
the inner vessel wall. Intraluminal tumor growth ex- 
pands the vessel diameter, and intracardiac tumor ex- 
tension occasionally occurs. Besides leiomyosarcoma, 
the differential diagnosis of intrathoracic sarcomas 
should include angiosarcoma, rhabdomyosarcoma, and 
the sarcomatoid variant of mesothelioma. 

Primary PAS affect both sexes equally and occur 
at a slightly earlier average age (50 years) than do the 
venous forms. The incidence ratio of PAS to PVS is ap- 
proximately 20:1. Only 17 cases (mean age at radiologic 
diagnosis was 48 years) of PVS have been described in 
the literature. 

PAS most commonly involve the main pulmonary 
artery trunk and may spread from there toward the 
peripheral arterial branches or may extend back into 
the right ventricle. Tumor growth may be completely 
extravascular (62%), completely intravascular (5%), or 
both extra- and intravascular (33%) (Kreft et al. 2004). 
Other studies indicate that approximately 50% of PAS 
are intravascular when diagnosed. The remaining half 
undergoes transmural spread into the lung parenchyma 
(Fasse et al. 1999). The clinical manifestations of PAS 
are nonspecific and may include dyspnea, chest pain, 
cough, hemoptysis, and signs of right heart failure. Be- 
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cause these tumors are often intraluminal, they may 
embolize and cause peripheral infarctions, producing 
clinical symptoms similar to those of acute or chronic 
recurrent pulmonary embolism. PVS are generally 
larger than PAS are. They remain asymptomatic until 
their growth interferes with pulmonary venous return. 
The most frequent clinical manifestations are dyspnea, 
hemoptysis, cough, chest pain, and weight loss. PVS have 
a tendency to spread into the left atrium (Yi 2004). PAS 
appears on CT and MR images as a convex intraluminal 
mass that usually begins in the pulmonary trunk and 
spreads in a peripheral or occasionally central fashion. 
Both primary and metastatic tumors of the pulmonary 
arteries may cause intraluminal-filling defects that are 
similar in appearance to chronic recurrent pulmonary 
emboli. 

The tumors may be inhomogeneous as a result of 
hemorrhage, necrosis, or different tissue components. 
Thrombi may adhere to intraluminal tumor compo- 
nents and may in turn be infiltrated by tumor (Kauc- 
zor et al. 1994). Thus, delayed Tl-weighted images 
after contrast administration are an essential part of 
the MRI protocol. Tumor enlargement over time may 
lead to vascular expansion with complete obliteration 
of the lumen. A convex shape of the filling defect does 
not support a diagnosis of chronic pulmonary embo- 
lism. Contrast enhancement on MRI is another indi- 
cator of intravascular tumor growth. Delayed imaging 
after contrast administration shows a highly variable 
degree of tumor enhancement, which is an important 
differentiating feature from chronic thromboembolic 
pulmonary hypertension (CTEPH) (Kaminaga et al. 
2003). 

The treatment of choice is complete tumor resection 
based on an early preoperative diagnosis. Modern sur- 
gical techniques can be used to reconstruct the vascular 
defect with prosthetic material. Even if curative treat- 
ment is not an option, it appears that palliative surgery 
can significantly prolong patient survival. 



7.4.2 

Peripheral Pulmonary Arteries: 

Pulmonary Capillary Hemangioma 

Most cases of pulmonary capillary hemangioma PCH 
involve bilateral disease with an unknown cause. Capil- 
laries proliferate into the alveolar septa and other struc- 
tures such as bronchial walls, pleura, and regional lymph 
nodes. Extrathoracic growth or metastasis has not pre- 
viously been described. The disease is most prevalent in 
the third and fourth decades, with a range from 6 to 71 
years, and affects males and females equally. Life expec- 



tancy after symptom onset is 2-12 years in untreated 
cases. 

Typical clinical manifestations are progressive 
shortness of breath, pleuritic chest pain, and frequent 
hemoptysis, often prompting a misdiagnosis of chronic 
thromboembolic pulmonary hypertension. With the 
progression of disease, patients develop clinical signs 
of cor pulmonale with elevated pulmonary artery pres- 
sures but normal pulmonary capillary wedge pressures 
on right heart catheterization. 

To date, CT is the only sectional imaging modality 
that has been investigated in the literature. The principal 
CT findings are enlarged pulmonary arteries and nu- 
merous small, bilateral, ill-defined densities (Eltorky 
et al. 1994). Compared with idiopathic pulmonary ar- 
tery hypertension, perfusion scanning shows increased 
perfusion in the hemangiomatous tissue and decreased 
perfusion in occluded vessels, resulting in an inhomo- 
geneous perfusion pattern. 

The only curative treatment is bilateral lung trans- 
plantation, for which patients must be selected at a very 
early stage. 



Extravascular Disorders 

The most frequent extravascular disorder affecting the 
PA is mediastinal tumor spread with compression or in- 
filtration of the PA and/or PV. Studies have documented 
the value of MRI in the detection and evaluation of me- 
diastinal and arterial invasion by bronchial carcinoma. 
This information is critical in planning the resection of 
the carcinoma. When vascular invasion is present, the 
patient must be placed on a heart-lung machine during 
the operation, and a suitable vascular interposition graft 
should be ready for use. The long-term survival rate is 
significantly reduced in patients with pulmonary vascu- 
lar invasion (Chunwei etal. 2003; Ohno et al. 2001). 
The lung parenchyma should also be evaluated during 
preoperative staging; thus, a CT is most often performed 
despite the high diagnostic quality of MRI. 

The presence of aneurysms in the setting of Behcet's 
disease or Hughes-Stovin syndrome (Kindermann 
etal. 2003; Oliver etal. 1997) and involvement by 
vasculitis are relatively rare indications for imaging of 
the pulmonary vessels. The primary sectional imaging 
study in these cases is still CT, whose capabilities have 
been greatly augmented by the advent of multidetector 
technology. MRA should be considered in cases where 
CT is contraindicated due to renal failure or thyroid 
dysfunction, and should be avoided in young patients. 



Vascular Anomalies and Diseases 



135 



References 

Berdon WE (2000) Rings, slings, and other things: vascu- 
lar compression of the infant trachea updated from the 
midcentury to the millennium — the legacy of Robert E. 
Gross, MD, and Edward B. D. Neuhauser, MD. Radiology 
216:624-632 

Bernstein D (2004) Congenital Heart Disease. In: Behrman 
RE, Kliegman R, Jenson HB (eds): Nelson textbook of pe- 
diatrics, 17 edn. Saunders, Philadelphia, pp 1499-1554 

Bhat AH, Sahn DJ (2004) Congenital heart disease never goes 
away, even when it has been "treated": the adult with con- 
genital heart disease. Curr Opin Pediatr 16:500-507 

Biederer J, Both M, Graessner J, Liess C, Jakob P, Reuter M, 
Heller M (2003) Lung morphology: fast MR imaging as- 
sessment with a volumetric interpolated breath-hold 
technique: initial experience with patients. Radiology 
226:242-249 

Blalock A, Taussig HB (1945) The surgical treatment of malfor- 
mations of the heart in which there is pulmonary stenosis 
or pulmonary atresia. JAMA 128:189-202 

Bock M, Umathum R, Zuehlsdorff S, Volz S, Fink C, Hallsc- 
heidt P, Zimmermann H, Nitz W, Semmler W (2006) In- 
terventional magnetic resonance imaging: an alternative 
to image guidance with ionising radiation. Radiat Prot 
Dosimetry 117:74-78 

Boechat MI, Ratib O, Williams PL, Gomes AS, Child JS, Allada 
V (2005) Cardiac MR imaging and MR angiography for 
assessment of complex tetralogy of Fallot and pulmonary 
atresia. Radiographics 25:1535-1546 

Boll DT, Lewin JS, Young P, Siwik ES, Gilkeson RC (2005) Per- 
fusion abnormalities in congenital and neoplastic pulmo- 
nary disease: comparison of MR perfusion and multislice 
CT imaging. Eur Radiol 15:1978-1986 

Choe YH, Ko JK, Lee HJ, Kang IS, Park PW, Lee YT (1998) MR 
imaging of non-visualized pulmonary arteries at angiog- 
raphy in patients with congenital heart disease. J Korean 
Med Sci 13:597-602 

Choi SH, Goo JM, Kim HC, Im JG (2003) Pulmonary arterio- 
venous fistulas developed after chemotherapy of metastatic 
choriocarcinoma. AJR Am J Roentgenol 181:1544-1546 

Chunwei F, Weiji W, Xinguan Z, Qingzen N, Xiangmin J, Qing- 
zhen Z (2003) Evaluations of bronchoplasty and pulmo- 
nary artery reconstruction for bronchogenic carcinoma. 
Eur J Cardiothorac Surg 23:209-213 

Dorfman AL, Geva T (2006) Magnetic resonance imaging 
evaluation of congenital heart disease: conotruncal anom- 
alies. J Cardiovasc Magn Reson 8:645-659 

Duncan BW, Mee RB, Prieto LR, Rosenthal GL, Mesia CI, 
Qureshi A, Tucker OP, Rhodes JF, Latson LA (2003) Staged 
repair of tetralogy of Fallot with pulmonary atresia and 
major aortopulmonary collateral arteries. J Thorac Cardio- 
vasc Surg 126:694-702 

Eichhorn J, Fink C, Delorme S, Ulmer H (2004) Rings, slings 
and other vascular abnormalities. Ultrafast computed to- 
mography and magnetic resonance angiography in pediat- 
ric cardiology. Z Kardiol 93:201-208 



Eltorky MA, Headley AS, Winer-Muram H, Garrett HE Jr, Grif- 
fin JP (1994) Pulmonary capillary hemangiomatosis: a 
clinicopathologic review. Ann Thorac Surg 57:772-776 

Falk RH (2001) Atrial fibrillation. N Engl J Med 
344:1067-1078 

Fasse A, Kauczor HU, Mayer E, Kreitner KF, Heussel CP, Thelen 
M (1999) [Sarcoma of the pulmonary artery — pre- and 
postoperative radiologic findings in initial tumor manifes- 
tation and recurrence.] (In German) Rofo 170:112-118 

Fink C, Eichhorn J, Kiessling F, Bock M, Delorme S (2003) 
[Time-resolved multiphasic 3D MR angiography in the di- 
agnosis of the pulmonary vascular system in children.] (In 
German) Rofo 175:929-935 

Fries P, Altmeyer K, Seidel R, Massmann A, Kirchin MA, Sch- 
neider G (2005) Dynamic contrast enhanced MRA in pe- 
diatric patients after application of Gd-BOPTA. Eur Ra- 
diol 15:E8 

Gatehouse PD, Keegan J, Crowe LA, Masood S, Mohiaddin RH, 
Kreitner KF, Firmin DN (2005) Applications of phase-con- 
trast flow and velocity imaging in cardiovascular MRI. Eur 
Radiol 15:2172-2184 

Geva T, Greil GF, Marshall AC, Landzberg M, Powell AJ (2002) 
Gadolinium-enhanced 3-dimensional magnetic resonance 
angiography of pulmonary blood supply in patients with 
complex pulmonary stenosis or atresia: comparison with 
x-ray angiography. Circulation 106:473-478 

Gewillig M (2005) The Fontan circulation. Heart 91:839-846 

Ghaye B, Szapiro D, Dacher JN, Rodriguez LM, Timmermans 
C, Devillers D, Dondelinger RF (2003) Percutaneous abla- 
tion for atrial fibrillation: the role of cross-sectional imag- 
ing. Radiographics 23:S19-S33; discussion S48-S50 

Gilmore JH, Zhai G, Wilber K, Smith JK, Lin W, Gerig G (2004) 
3 Tesla magnetic resonance imaging of the brain in new- 
borns. Psychiatry Res 132:81-85 

Greil GF, Kramer U, Dammann F, Schick F, Miller S, Claussen 
CD, Sieverding L (2005) Diagnosis of vascular rings and 
slings using an interleaved 3D double-slab FISP MR an- 
giography technique. Pediatr Radiol 35:396-401 

Greil GF, Powell AJ, Gildein HP, Geva T (2002) Gadolinium- 
enhanced three-dimensional magnetic resonance angiog- 
raphy of pulmonary and systemic venous anomalies. J Am 
Coll Cardiol 39:335-341 

Grist TM, Thornton FJ (2005) Magnetic resonance angiogra- 
phy in children: technique, indications, and imaging find- 
ings. Pediatr Radiol 35:26-39 

Gutberlet M, Boeckel T, Hosten N, Vogel M, Kuhne T, Oellinger 
H, Ehrenstein T, Venz S, Hetzer R, Bein G, Felix R (2000) 
Arterial switch procedure for D-transposition of the great 
arteries: quantitative midterm evaluation of hemodynamic 
changes with cine MR imaging and phase-shift velocity 
mapping-initial experience. Radiology 214:467-475 

Hoeper MM, Lee SH, Voswinckel R, Palazzini M, Jais X, 
Marinelli A, Barst RJ, Ghofrani HA, Jing ZC, Opitz C, 
Seyfarth HJ, Halank M, McLaughlin V, Oudiz RJ, Ewert R, 
Wilkens H, Kluge S, Bremer HC, Baroke E, Rubin LJ (2006) 
Complications of right heart catheterization procedures 
in patients with pulmonary hypertension in experienced 
centers. J Am Coll Cardiol 48:2546-2552 



136 S. Ley and J. Ley-Zaporozhan 



Hoffman JI (1995) Incidence of congenital heart disease: II. 
Prenatal incidence. Pediatr Cardiol 16:155-165 

Holmquist C, Hochbergs P, Bjorkhem G, Brockstedt S, Laurin 
S (2001) Pre-operative evaluation with MR in tetralogy of 
Fallot and pulmonary atresia with ventricular septal de- 
fect. Acta Radiol 42:63-69 

Holt PD, Berdon WE, Marans Z, Griffiths S, Hsu D (2004) Scim- 
itar vein draining to the left atrium and a historical review 
of the scimitar syndrome. Pediatr Radiol 34:409-413 

Jacobs ML, Pourmoghadam KK (2003) The hemi-Fontan op- 
eration. Semin Thorac Cardiovasc Surg Pediatr Card Surg 
Annu 6:90-97 

Jatene AD, Fontes VF, Paulista PP, Souza LC, Neger F, Galantier 
M, Sousa JE (1976) Anatomic correction of transposition 
of the great vessels. J Thorac Cardiovasc Surg 72:364-370 

Jhooti P, Gatehouse PD, Keegan J, Bunce NH, Taylor AM, 
Firmin DN (2000) Phase ordering with automatic window 
selection (PAWS): a novel motion-resistant technique for 
3D coronary imaging. Magn Reson Med 43:470-480 

Kaminaga T, Takeshita T, Kimura I (2003) Role of magnetic 
resonance imaging for evaluation of tumors in the cardiac 
region. Eur Radiol 13(Suppl):Ll-L10 

Kauczor HU, Schwickert HC, Mayer E, Kersjes W, Moll R, 
Schweden F (1994) Pulmonary artery sarcoma mimicking 
chronic thromboembolic disease: computed tomography 
and magnetic resonance imaging findings. Cardiovasc In- 
tervent Radiol 17:185-189 

Khurshid I, Downie GH (2002) Pulmonary arteriovenous mal- 
formation. Postgrad Med J 78:191-197 

Kim TK, Choe YH, Kim HS, Ko JK, Lee YT, Lee HJ, Park JH 
(1995) Anomalous origin of the right pulmonary artery 
from the ascending aorta: diagnosis by magnetic reso- 
nance imaging. Cardiovasc Intervent Radiol 18:118-121 

Kindermann M, Wilkens H, Hartmann W, Schafers HJ, Bohm 
M (2003) Images in cardiovascular medicine. Hughes- 
Stovin syndrome. Circulation 108:el56 

Kivelitz DE, Scheer I, Taupitz M (1999) Scimitar Syndrome: 
diagnosis with MR angiography. AJR Am J Roentgenol 
172:1700 

Konen E, Raviv-Zilka L, Cohen RA, Epelman M, Boger- 
Megiddo I, Bar-Ziv J, Hegesh J, Ofer A, Konen O, Katz 
M, Gayer G, Rozenman J (2003) Congenital pulmonary 
venolobar syndrome: spectrum of helical CT findings with 
emphasis on computerized reformatting. Radiographics 
23:1175-1184 

Kreft B, Flacke S, Zhou H, Textor J, Remig J, Schild HH (2004) 
[Diagnostic imaging of vascular leiomyosarcomas]. (In 
German) Rofo 176:183-190 

Krueger JJ, Ewert P, Yilmaz S, Gelernter D, Peters B, Pietzner 
K, Bornstedt A, Schnackenburg B, Abdul-Khaliq H, Fleck 
E, Nagel E, Berger F, Kuehne T (2006) Magnetic resonance 
imaging-guided balloon angioplasty of coarctation of the 
aorta: a pilot study. Circulation 113:1093-1100 



Ley S, Fink C, Zaporozhan J, Borst MM, Meyer FJ, Puderbach 
M, Eichinger M, Plathow C, Grunig E, Kreitner KF, Kauc- 
zor HU (2005) Value of high spatial and high temporal 
resolution magnetic resonance angiography for differenti- 
ation between idiopathic and thromboembolic pulmonary 
hypertension: initial results. Eur Radiol 15:2256-2263 

Ley S, Zaporozhan J, Arnold R, Eichhorn J, Schenk JP, Ulmer H, 
Kreitner KF, Kauczor HU (2007) Preoperative assessment 
and follow-up of congenital abnormalities of the pulmo- 
nary arteries using CT and MRI. Eur Radiol 17:151-162 

Losay J, Touchot A, Serraf A, Litvinova A, Lambert V, Piot JD, 
Lacour-Gayet F, Capderou A, Planche C (2001) Late out- 
come after arterial switch operation for transposition of 
the great arteries. Circulation 104:1121-126 

MacGowan CK, Al-Kwifi O, Varodayan F, Yoo SJ, Wright GA, 
Kellenberger CJ (2005) Optimization of 3D contrast- 
enhanced pulmonary magnetic resonance angiography 
in pediatric patients with congenital heart disease. Magn 
Reson Med 54:207-212 

Maintz D, Juergens KU, Wichter T, Grude M, Heindel W, Fis- 
chbach R (2003) Imaging of coronary artery stents using 
multislice computed tomography: in vitro evaluation. Eur 
Radiol 13:830-835 

Mayer F, Aebert H, Rudert M, Konigsrainer A, Horger M, 
Kanz L, Bamberg M, Ziemer G, Hartmann JT (2007) Pri- 
mary malignant sarcomas of the heart and great vessels 
in adult patients — a single-center experience. Oncologist 
12:1134-1142 

Mohrs OK, Voigtlander T, Heussel CP, Bardeleben S, Duber C, 
Kreitner KF (2002) [Morphologic and functional assess- 
ment of vascular abnormalities of the pulmonary vascu- 
lature by breath-hold MR techniques.] (In German) Rofo 
174:467-473 

Moos A (2001) Heart disease in infants, children and adoles- 
cents, including the fetus and young adult. Lippincott Wil- 
liams & Wilkins, Philadelphia 

Naganawa S, Kawai H, Fukatsu H, Ishigaki T, Komada T, Mar- 
uyama K, Takizawa O (2004) High-speed imaging at 3 Te- 
sla: a technical and clinical review with an emphasis on 
whole-brain 3D imaging. Magn Reson Med Sci 3:177-187 

Nakanishi T (2005) Cardiac catheterization is necessary before 
bidirectional Glenn and Fontan procedures in single ven- 
tricle physiology. Pediatr Cardiol 26:159-161 

Ohno Y, Adachi S, Motoyama A, Kusumoto M, Hatabu H, Sug- 
imura K, Kono M (2001) Multiphase ECG-triggered 3D 
contrast-enhanced MR angiography: utility for evaluation 
of hilar and mediastinal invasion of bronchogenic carci- 
noma. J Magn Reson Imaging 13:215-224 

Ohye RG, Bove EL (2001) Advances in congenital heart sur- 
gery. Curr Opin Pediatr 13:473-481 

Oliver TB, Stevenson AJ, Gillespie IN (1997) Pulmonary artery 
pseudoaneurysm due to bronchial carcinoma. Br J Radiol 
70:950-951 



Vascular Anomalies and Diseases 



137 



Peters DC, Wylie JV, Hauser TH, Kissinger KV, Botnar RM, 
Essebag V, Josephson ME, Manning WJ (2007) Detec- 
tion of pulmonary vein and left atrial scar after catheter 
ablation with three-dimensional navigator-gated delayed 
enhancement MR imaging: initial experience. Radiology 
243:690-695 

Prakash A, Torres AJ, Printz BF, Prince MR, Nielsen JC (2007) 
Usefulness of magnetic resonance angiography in the 
evaluation of complex congenital heart disease in new- 
borns and infants. Am J Cardiol 100:715-721 

Prasad SK, Soukias N, Hornung T, Khan M, Pennell DJ, Gat- 
zoulis MA, Mohiaddin RH (2004) Role of magnetic reso- 
nance angiography in the diagnosis of major aortopulmo- 
nary collateral arteries and partial anomalous pulmonary 
venous drainage. Circulation 109:207-214 

Rahmani N, White CS (2008) MR Imaging of Thoracic Veins. 
Magn Reson Imaging Clin N Am 16:249-262 

Remy J, Remy-Jardin M, Wattinne L, Deffontaines C (1992) 
Pulmonary arteriovenous malformations: evaluation with 
CT of the chest before and after treatment. Radiology 
182:809-816 

Rickers C, Seethamraju RT, Jerosch-Herold M, Wilke NM 
(2003) Magnetic resonance imaging guided cardiovascu- 
lar interventions in congenital heart diseases. J Interv Car- 
diol 16:143-147 

Roman KS, Kellenberger CJ, Farooq S, MacGowan CK, Gilday 
DL, Yoo SJ (2005) Comparative imaging of differential 
pulmonary blood flow in patients with congenital heart 
disease: magnetic resonance imaging versus lung perfu- 
sion scintigraphy. Pediatr Radiol 35:295-301 

Salehian O, Schwerzmann M, Merchant N, Webb GD, Siu SC, 
Therrien J (2004) Assessment of systemic right ventricular 
function in patients with transposition of the great arter- 
ies using the myocardial performance index: comparison 
with cardiac magnetic resonance imaging. Circulation 
110:3229-3233 



Sequeiros RB, Ojala R, Kariniemi J, Perala J, Niinimaki J, 
Reinikainen H, Tervonen O (2005) MR-guided interven- 
tional procedures: a review. Acta Radiol 46:576-586 

Simonetti OP, Cook S (2006) Technical aspects of pediatric 
CMR. J Cardiovasc Magn Reson 8:581-593 

Sorensen TS, Korperich H, Greil GF, Eichhorn J, Barth P, Meyer 
H, Pedersen EM, Beerbaum P (2004) Operator-indepen- 
dent isotropic three-dimensional magnetic resonance im- 
aging for morphology in congenital heart disease: a valida- 
tion study. Circulation 110:163-169 

Sorensen TS, Beerbaum P, Korperich H, Pedersen EM (2005) 
Three-dimensional, isotropic MRI: a unified approach to 
quantification and visualization in congenital heart dis- 
ease. Int J Cardiovasc Imaging 21:283-292 

Stein P (2007) Total anomalous pulmonary venous connec- 
tion. AORN J 85:509-520; quiz 521-504 

Varaprasathan GA, Araoz PA, Higgins CB, Reddy GP (2002) 
Quantification of flow dynamics in congenital heart dis- 
ease: applications of velocity- encoded cine MR imaging. 
Radiographics 22:895-905; discussion 905-896 

Wald RM, Powell AJ (2006) Simple congenital heart lesions. J 
Cardiovasc Magn Reson 8:619-631 

Weiss F, Habermann CR, Lilje C, Nimz M, Rasek V, Dallmeyer 
J, Stork A, Graessner J, Weil J, Adam G (2005) [MRI of pul- 
monary arteries in follow-up after arterial-switch-opera- 
tion (ASO) for transposition of great arteries (d-TGA).] 
(In German) Rofo 177:849-855 

Yi ES (2004) Tumors of the pulmonary vasculature. Cardiol 
Clin 22:431-440, vi-vii 

Yu JM, Liao CP, Ge S, Weng ZC, Hsiung MC, Chang JK, Chen 
FL (2008) The prevalence and clinical impact of pulmo- 
nary artery sling on school-aged children: a large-scale 
screening study. Pediatr Pulmonol 



Asthma 



Sean B. Fain, James H. Holmes, and Ronald L. Sorkness 



CONTENTS 



.1 



8.5 

8.5.1 

8.5.2 

8.5.3 

8.5.4 

8.6 



Introduction 140 



1.2 Background 140 
:.2.1 Clinical Applications 
of Imaging to Asthma 



141 



8.3 Characterization of Ventilation 
Patterns in the Asthmatic 
Lung 142 

8.3.1 Basic MR Imaging Methods 
and Protocols 142 

8.3.2 Dynamic Imaging of Respiratory 
Maneuvers 143 

8.3.3 Diffusion Weighted HP 
He-3 MRI 143 

8.3.4 Analysis Methods 144 

8.4 Initial Clinical Results 146 

8.4.1 Single Time-Point Studies 146 

8.4.2 Longitudinal and Interventional 
Studies 147 



Emerging Techniques 149 
Four-Dimensional Imaging 149 
Diffusion-weighted Imaging 
of Lung Micro-structure 150 
Quantitative Ventilation 
and Perfusion 151 
Multi-modality Airway 
Assessment 151 

Summary/Conclusions 151 

References 152 



Sean B. Fain, PhD 

Associate Professor, Departments of Medical Physics and Ra- 
diology, University of Wisconsin - Madison, USA 
James H. Holmes, PhD 

Research Associate, Department of Medical Physics, Univer- 
sity of Wisconsin - Madison, USA 
Ronald L. Sorkness, PhD 

Professor, School of Pharmacy and Morris Institute for Respi- 
ratory Research, University of Wisconsin - Madison, USA 



KEY POINTS 



Asthma is a disease with significant clinical impact 
and growing incidence, particularly in children. 
The disease is characterized by a complex interplay 
of environmental and genetic factors that affect 
airway structure and function leading to persis- 
tent and spatially heterogeneous airway obstruc- 
tion. Conventional methods for evaluating lung 
function using spirometry and plethysmography 
are not capable of assessing regional obstruction 
nor the regional dynamics of airway obstruction. 
Imaging methods have emerged as an attractive 
approach to evaluate heterogeneity and mecha- 
nisms of airway obstruction in the asthmatic lung. 
Specifically, hyperpolarized (HP) helium-3 (He-3) 
MRI has enabled visualization of the airspaces of 
the lungs, including the large airways and lung pa- 
renchyma, during breath-held and dynamic respi- 
ratory maneuvers. This method has been applied 
to study asthma phenotypes, disease progression, 
and response to interventions with methacholine 
and therapy. The number and size of ventilation 
defects correlate with disease severity and with 
spirometric measures, principally FEV1 percent 
predicted. More importantly, regional patterns of 
obstruction observed on HP He-3 MRI identify 
regions of persistent ventilation defects that may 
reflect underlying structural changes in the air- 
ways such as remodeling or chronic inflammation. 
Multi-modality comparisons between multi-detec- 
tor computed tomography (MDCT) and emerging 
quantitative measures using proton and HP He-3 
MRI will help evaluate regional structure-function 
relationships to assess causal mechanisms of dis- 
ease and response to therapy. 
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Introduction 

This chapter explores the application of MRI to the study 
of asthma. Asthma affects millions of people world- 
wide and trends indicate increasing incidence particu- 
larly among children (NIH-NHLBI 2002). In the first 
third of the chapter, the clinical presentation of asthma 
is briefly introduced followed by a short review of the 
predominant imaging methods applied to the study of 
asthma, including hyperpolarized (HP) He-3 MRI. Next 
the basic HP He-3 MRI sequences for breath-held and 
dynamic imaging and their application to characteriz- 
ing ventilation patterns in asthma are described as well 
as respiratory maneuvers that have been incorporated 
into clinical imaging protocols. Different approaches to 
the analysis and quantification of the observed ventila- 
tion defects in asthma are also briefly addressed. 

The last two sections of the chapter address specific 
applications of HP He-3 MRI of ventilation to visualize 
obstructive patterns and emerging techniques respec- 
tively. Images of ventilation are being used to define 
asthma phenotypes, to explore mechanisms of airway 
closure, and to evaluate response to therapy. Several 
emerging techniques are presented with application to 
the study of airway remodeling and lung microstruc- 
ture. Finally, there is a brief discussion of what has been 
learned about asthma and what remains to be studied 
and the role of functional lung imaging in this impor- 
tant area. 



Background 

Asthma is an obstructive airways disease characterized 
by episodic, reversible airway obstruction, and symp- 
toms of wheezing, chest tightness, cough and difficulty 
breathing. Acute episodes of obstruction may be trig- 
gered by stimuli such as respiratory viral infections, 
exposure to allergens, or exercise, which are superim- 
posed on an underlying chronic inflammatory process 
that renders the airways hyperresponsive to perturba- 
tions that in normal airways would evoke a negligible 
response. The etiology of the disease is recognized to be 
a complex combination of genetic and environmental 
risk factors. There are differing patterns of asthma (e.g. 
inception, lability, responsiveness to treatment, severity) 
that likely represent differences in the underlying airway 
pathophysiology, but the definitions of distinct asthma 



phenotypes are at an early stage. Structural remodeling 
likely has a role in driving the obstructive physiology. 
Airway remodeling includes wall thickening stemming 
from a combination of subepithelial and smooth muscle 
thickening, and an increase in the mucus-producing 
structures (goblet cells and submucosal glands). More- 
over, there is a wide spectrum of severity in patients 
with asthma and considerable debate as to the relative 
roles of the environmental and remodeling factors as a 
function of severity. 

The uncertainty is in part due to the indirect nature 
of the information used to study asthma thus far. Much 
of what is known about asthma, and obstructive lung 
diseases in general, was gleaned from careful studies us- 
ing whole lung measurements of air flow (i.e. spirom- 
etry), lung volume (i.e. plethysmography) (Levitzky 
2003; Evans and Scanlon 2003), and direct broncho- 
scope assessment (Benayoun et al. 2003). Spirometry 
shows that obstructive lung diseases including asthma 
and chronic obstructive pulmonary disease (COPD) 
are characterized by a reduction in forced expiratory 
volume at 1 s (FEVi), forced vital capacity (FVC; an 
indicator of the air trapping component of obstruc- 
tion), and the FEVi/FVC ratio (an indicator of the air- 
flow limitation component of obstruction) (Evans and 
Scanlon 2003; Winn et al. 2003). However, spirom- 
etry is relatively nonspecific for distinguishing asthma 
from COPD and substantial overlap is common. Gen- 
erally, COPD refers to a spectrum of obstructive lung 
diseases including chronic bronchitis, emphysema and 
asthmatic bronchitis (Petty 2003), as opposed to typi- 
cal asthma, which is largely characterized by more re- 
versible obstruction. However, airway remodeling may 
lead to a non-reversible component in asthma as well as 
chronic reduction in FEVi/FVC ratio and persistent air- 
flow limitation (Sorkness et al. 2008). Bronchoscopic 
assessment and post-mortem histology support the ex- 
istence of airway remodeling as a significant component 
of more severe asthma (Benayoun et al. 2003; James 
et al. 2002). In several studies, more severe asthma is 
associated with decreased FVC and increased residual 
lung volume (RV) that suggest increased air trapping at 
low lung volumes (Sorkness et al. 2008; Brown et al. 
2006). 

Spirometric studies cannot explore the regional 
mechanics of airway obstruction and bronchoscopic 
assessment can only sample very limited regional struc- 
ture. Therefore, imaging methods are well-positioned 
to study in vivo regional heterogeneity and dynamics 
of airway obstruction in asthma. This has led to the in- 
creasing role of multiple detector computed tomogra- 
phy (MDCT), MRI, and nuclear imaging using single 
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photon emission computed tomography (SPECT) and 
positron emission tomography (PET) in the study of 
asthma mechanisms and severity 



8.2.1 

Clinical Applications of Imaging to Asthma 

The application of MDCT provides direct measurement 
of structures in the large airways such as wall thicken- 
ing, airway lumen narrowing and mucus plugging as- 
sociated with increased asthma severity (Brown et al. 
2006; Little et al. 2002) and in conjunction with 
various respiratory maneuvers such as deep inspiration 
(Brown et al. 2000). However, MDCT cannot, at pres- 
ent, assess regional ventilatory and perfusion patterns 
of lung function although dual energy X-ray using in- 
haled xenon has been used to evaluate ventilation and 
perfusion in pre-clinical studies (Hoffman and Chon 
2005; van Beek and Hoffman 2008). The most impor- 
tant limitation of MDCT is the high ionizing radiation 
dose required for repeated images in longitudinal and 
interventional studies (Hurwitz et al. 2007). 

SPECT or nuclear scintigraphy with inhaled techne- 
gas, i.e. technetium(Tc)-99m labeled aerosol, or Xe-133 
(Howarth et al. 1999; Newman et al. 2003) have 
been the primary clinical approaches to evaluating ven- 
tilatory patterns in the lungs (Fig. 8.1a). Conventional 
nuclear imaging methods remain limited in resolution, 
coverage and signal to noise. Nuclear imaging methods 
are challenged to depict the heterogeneity and dynam- 
ics of airway obstruction in asthma due to reduced spa- 
tial and temporal resolution. Nonetheless, recent work 
using N 2 -13 gas PET has been applied successfully to 



the study of asthma (Vidal Melo et al. 2003) but 
with limited spatial coverage and extended breath-hold 
times. A niche exists for MRI applications to lung im- 
aging that can exploit this modality's three-dimensional 
(3D) and time-resolved imaging capabilities while pro- 
viding sufficient contrast resolution in the airways and 
lung parenchyma. 

Various methods have been used to produce con- 
trast using MRI of the lungs. For example, oxygen- 
enhanced Tl mapping techniques (Chen et al. 1998; 
Hatabu et al. 2001) have been used to assess ventila- 
tion patterns in chronic obstructive pulmonary disease 
(COPD) (Ohno et al. 2008), but the relatively low sig- 
nal to noise ratio of this technique, and the confounding 
effects of motion near the diaphragm have challenged 
the extension of this approach to the study of asthma. 
The inhalation of HP He- 3 gas followed by MRI has 
been shown to produce high contrast to noise images 
of the lung airspaces (Middleton et al. 1995). This 
technique has played an increasing role in the assess- 
ment of asthma in pre-clinical (Holmes et al. 2005b; 
Driehuys et al. 2007) and clinical studies (Altes et al. 
2001). The hyperpolarized He- 3 gas provides on the or- 
der of 10,000 times increase in polarization, which can 
readily overcome the lower density and lower nuclear 
gyromagnetic ratio of the helium gas compared to con- 
ventional proton MRI. Visualization of the airspaces of 
the large airways and parenchyma in asthma (Fig. 8.1c) 
is similar in concept to nuclear imaging with inhaled 
Xe-133 gas, but with superior signal to noise ratio, 3D 
coverage, and without the use of ionizing radiation. 

While these capabilities have raised significant in- 
terest in the pulmonary research community (Altes 
et al. 2001; Samee et al. 2003), less expensive whole 




Fig. 8.1a-c. Xenonm scintigraphy of the lung airspace (c) juxtaposed with a conventional water proton MRI (b), and hyperpo- 
larized He-3 MRI of the lungs in the same subject (a). Normal ventilation is depicted in all cases 
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Fig. 8.2. a Proton image showing lung volume for a coronal 
slice through the trachea and primary bronchi, b Image of 
ventilation at the same slice location as in a in a subject with 
moderate asthma on Day 1 of a longitudinal study with small 



peripheral defects indicated by arrows, c Day 2 after exposure 
to second hand smoke with more pronounced defects through- 
out including enlargement of the defect regions shown by the 
arrows in b 



lung measures such as spirometry and plethysmography 
remain the primary tools for the diagnosis of asthma. 
The emerging clinical role of HP He-3 MRI is there- 
fore principally in the characterization of asthma phe- 
notypes, the visualization and testing of mechanisms 
underlying regional heterogeneity, and the evaluation 
of response to asthma therapies. These applications all 
exploit the ability of He-3 MRI to obtain safely repeated 
image sets for longitudinal studies without accumulat- 
ing ionizing radiation dose. Interventions with metha- 
choline (de Lange et al. 2007; Sani et al. 2008) and 
exercise challenge (Samee et al. 2003) have been safely 
performed and can provide a unique window into the 
dynamics of airway obstruction in asthma compared to 
normal subjects. 



Characterization 

of Ventilation Patterns in the Asthmatic Lung 

8.3.1 

Basic MR Imaging Methods and Protocols 

The basics of hyperpolarization of the He-3 preparation 
have already been described elsewhere and either meta- 
stability (Gentile et al. 2000) or spin exchange optical 
pumping (Walker and Happer 1997) methods can be 
used. The HP He-3 is typically mixed with nitrogen to a 
concentration range of 3.0-4.5 mM of polarized nuclei. 
The gas is typically delivered in a Tedlar® (DuPont ™, 



Wilmington DE) gas sampling bag through an attached 
tube. 

To enable multi-nuclear MRI, clinical MRI scanners 
require specialized hardware for broad band transmit/ 
receive (T/R), including radio frequency (RF) amplifi- 
ers, a T/R switch with pass band filters centered at the 
resonant frequency of the nucleus of interest (48.6 MHz 
for He-3 at 1.5 T). Most studies to date have been per- 
formed at 1.5 T although several research sites are con- 
ducting studies at lower field strength (Darrasse et al. 
1997; Mair et al. 2005) and a few are using 3.0-T sys- 
tems (Parraga et al. 2008). The patient or research 
subject is generally in the supine position. Consequently, 
gradients in ventilation and alveolar size are expected 
from anterior to posterior due to gravity dependence. 
Minimizing the duration of the study mitigates the de- 
velopment of posterior atelectasis and is not a common 
problem for typical exam times of 30 min or less. 

Spin density images of ventilation have been most 
commonly used for the study of asthma to date. In a 
typical exam a scout image is first acquired for localiza- 
tion followed by acquisition of soft tissue anatomy with 
a breath-held conventional image at proton frequency. 
The anatomical scan uses a fast spin echo (FSE) or 
comparable gradient echo (GRE) acquisition at identi- 
cal slice locations to those acquired for the He-3 MRI 
acquisition with lung volume matched (Figs. 8.1b and 
8.2a) by having the subject inhale a bag of either he- 
lium-4 or air at equivalent volume to the He-3 dose. 

The primary pulse sequence used for breath-held 
images of ventilation in HP He-3 MRI is a 2D multi- 
slice spoiled gradient recalled echo (2D SPGR) se- 
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Table 8.1. Typical imaging parameters used in applications described in the literature 3 



Method 


TR/TE 

(ms) 


Flip 
(deg) 


Matrix 


FOV 

(cm) 


Slice 
(mm) 


Polarized 
Gas Dose 


Temporal 
resolution 


Technique-Specific 
parameters 


Ventilation 
(Samee et al. 
2003) 


9/3.7 


10 


256x100 


50x38 


10 


300 ml He-3 
in 1 L 


10-13 s 
breath-hold 
from FRC 


14-16 coronal slices 
or 20-25 axial slices 


Dynamic 
(Koumellis 
et al.2005) 


5.4/2 


7 


128x100 

(proj. 

angles) 


41x41 


10 


5 ml He-3/kg 
body wgt. in 
0.5 L 


0.54 s 


128 projection 
angles/frame 


Diffusion 
(Fain et al. 
2006) 


8.4/4.5 


7 


128 x 80 


38x30 


15 


4.5 mM po- 
larized He-3 
in 1L 


14 s breath- 
hold from FRC 


10 coronal slices or 
14-16 axial slices; 
b -value = 1.6 s/cm 2 



a All pulse sequences are SPGR performed using a 1.5-T clinical scanner in human subjects 



quence. The flip angle is kept low (-7-10°) so as to 
preserve the HP magnetization throughout a 10-15 s 
breath-hold. The principal tradeoff for these studies is 
keeping the breath-hold duration sufficiently short to 
minimize stress on the patient while still allowing full 
coverage of the lungs within the field of view (FOV) of 
an axial or coronal slice orientation. A volume typically 
ranging from 0.5 to 1.0 L of HP He-3 is typically deliv- 
ered by releasing a small plastic clamp that allows the 
subject to inhale the HP gas through the tube. In some 
studies the volume of the inhaled HP He-3 is adjusted 
for the subjects total lung capacity (TLC) to control for 
signal changes and inflation volume across subjects. 
The specifics for a standard protocol are summarized in 
Table 8.1. 



8.3.2 

Dynamic Imaging of Respiratory Maneuvers 



under breath-hold before and after methacholine chal- 
lenge (de Lange et al. 2007) or deep breathing ma- 
neuvers (Sani et al. 2008; Black et al. 2004) to assess 
airway response. 

Dynamic MRI acquisition in combination with in- 
spiratory or forced expiratory maneuvers can capture 
regional obstruction within a single respiratory cycle. 
Spiral (Salerno et al. 2001) and PR acquisition (Wild 
et al. 2003) trajectories have been used to accelerate 
temporal and spatial resolution for assessing inspiratory 
obstruction in CF patients (Koumellis et al. 2005) 
and COPD patients. In asthma, forced exhalation with 
dynamic HP He-3 MRI has shown retained signal in- 
tensity that correlates well with air trapping on MDCT 
and residual volume measurements with plethysmog- 
raphy (Fig. 8.3) (Panth et al. 2004; Holmes et al. 
2005a). Standard imaging protocols for dynamic MRI 
using projection acquisition are listed in Table 8.1. 



Breath-held images of ventilation show patterns of air- 
way obstruction at a fixed lung volume ~1 L above FRC, 
but this is measuring just one aspect of airway obstruc- 
tion in asthma. A more complete study of the obstruc- 
tion in asthma should include the dynamic components 
of the disease that have been shown to depend on air- 
way size and lung volume (Mead et al. 1967, 1970). 
Elements of airway dynamics and heterogeneity can be 
achieved using multiple breath-held maneuvers at dif- 
ferent lung volumes or before and after intervention 
with bronchoconstrictors, bronchodilators, or exercise 
challenge. For example, He-3 MRI can be performed 



8.3.3 

Diffusion Weighted HP He-3 MRI 

Emerging acquisition methods using diffusion-weighted 
HP He-3 MRI of the gas within the airspaces of the lungs 
can measure microstructural changes in the emphyse- 
matous lung (Saam et al. 2000; Salerno et al. 2002; 
Fain et al. 2005, 2006). These diffusion-weighted meth- 
ods have recently shown promise for the measurement 
of microstructures linked to remodeling in asthma. For 
typical parameters using short time constant diffusion 
pulses (e.g. A = 6 = 1.5 ms) (Table 8.1), the principal in- 
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inhale exhale inhale exhale inhale exhale 




Fig. 8.3. a Respiratory dynamics for a subject with severe asthma showing gas trapping in 
the left lung base {top, arrow) and in signal-time curves, b Breath-held image of ventilation 
within the same respiratory cycle shows a defect region and hyperintense signal also in the 
left lung base, c Correspondence with hyperlucency and air trapping on CT (black arrows). 
FEV1% predicted was 102%. (Reprinted from Holmes JH et al. (2007) J Magn Reson Imag- 
ing 26(3):630-636 with permission) 



fluence on the apparent diffusion coefficient (ADC) is 
air trapping and hyperinflation in the small airways and 
alveolar spaces (Fig. 8.4). However, diffusion- weighted 
MRI in the asthmatic lung is an emerging technique and 
significant work and potential remains to be exploited 
using more optimized protocols for assessing lung mi- 
crostructure in asthma (see Sect. 8.5). 



8.3.4 

Analysis Methods 

The development of more objective quantitative mea- 
sures of the severity and extent of ventilation defects 



is critical to the advance of this technology. The most 
common metric used thus far in the literature is the 
mean number of volume defects per slice (VDS). Most 
commonly these scores have used consensus reading by 
a chest radiologist (Holmes et al. 2007) although sev- 
eral blinded studies have been published recently (de 
Lange et al. 2006). This measure condenses the defect 
pattern into a single, whole lung metric, that has been 
used as an image marker for validating HP He- 3 MRI 
images compared to spirometric measures, principally 
FEVi%predicted (%p). Depending on the population 
studied, this measure correlates to FEVi%p with corre- 
lation coefficients between 0.4 and 0.8 (de Lange et al. 
2006; Fain et al. 2008). However, the VDS measures de- 
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0.5 s/cm 2 b 



Fig. 8.4. a He-3 MR image of ventilation in a subject enrolled as a normal control in an asthma 
research study presenting with airway obstruction in the right upper bronchus (RBI) feeding the 
right upper lobe (RUL) due to pulmonary aneurysm, b Map of the apparent diffusion coefficient 
(ADC) derived from diffusion-weighted HP He-3 MRI (A=S=1.25 ms, b = 1.6 s/cm 2 ). c Correspond- 
ing MDCT slice of through the RUL showing hyperlucency due to air trapping 



feet size indirectly and ignores regional distribution of 
defects that are uniquely provided by imaging methods. 
Other subjective scores in the literature (Panth et al. 
2004) have similar limitations. 

Attempts at providing more information about re- 
gional patterns and size of defects have recently been 
introduced. Defect volume by lung lobe as well as ven- 
tilated volume measurements have been introduced to 
account better for defect size and distribution (Fain 
et al. 2008; Woodhouse et al. 2005). Proton MRI of 
the lungs is often used in conjunction with these meth- 
ods to segment the total lung volume. The lung volume 
is then compared with the ventilated volume by setting a 
specific threshold value or by user-supervised segmen- 
tation of defect regions (Fig. 8.5). Regional assessment 
of defect volume allows cross -modality comparisons to 
abnormalities on MDCT and with local measures from 
bronchoscopy. 

Other regional measures exploit the heterogeneity 
of the ventilation defect patterns by calculating the stan- 
dard deviation over a finite region, typically 10% of the 
FOV, resulting in an image that can be characterized as a 



heterogeneity map. However, these metrics need further 
validation. An important area for improvement is to 
consider methods for normalizing signal intensities in 
the images to capture gradations that likely correspond 
to different levels of airway obstruction. Examples of 
complete and partially obstructed regions are indicated 
by the solid and dotted arrows respectively in Fig. 8.2. 
At present the evaluation of severity of a defect based 
on signal intensity is largely subjective. These analysis 
methods must advance to more quantitative measures 
of ventilation in future studies. 

There are emerging methods using hyperpolarized 
gas that are intrinsically more quantitative measures. 
The ADC derived from diffusion- weighted HP He-3 
MRI acquisition, and the partial pressure of oxygen 
(P0 2 ) derived from Tl weighted acquisition, including 
both proton (Chen et al. 1998) and HP He-3-enhanced 
MRI (Deninger et al. 2002) are specific examples. 
However, these more quantitative metrics measure 
changes in lung microstructure and gas exchange re- 
spectively, and will likely be used to complement rather 
than replace images of ventilation in asthma. 
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Fig. 8.5. Example of one graphic user interface (GUI) display showing equivalent axial proton MRI and HP MRI slices 
with segmented lung lobes defined based on thresholding and supervised segmentation. The HP MR image of ventilation 
in the right panel depicts ventilation defects segmented with lobe location indicated for each lobe by color code 



Initial Clinical Results 

8.4.1 

Single Time-Point Studies 

Single time-point studies have both validated image 
measures of ventilation defect relative to spirometry 
(de Lange et al. 2006) as well as tested the potential 
for detecting differences in asthma phenotype. In 58 
patients with asthma and 18 control subjects, the VDS 
measure was shown to be higher in moderate to severe 
disease compared to mild asthma (mean 1.37 ± 0.24 
vs 0.53 ± 0.12, p<0.001) and to correlate significantly 
with FEVi%p (r = -0.40, p = 0.002), and FEVx/FVC 
(r = -0.51, p = 0.002). Similar studies in 21 patients 



with moderate to severe asthma found both defect score 
(r = -0.76, p=0.0002) and percent defect volume (r = 
-0.57, p = 0.007) to correlate with FEVi%p, but in con- 
trast to previous studies, there was not a significant cor- 
relation to FEVi/FVC for either measure (r = -0.24, p 
= 0.31 and r = -0.23, p = 0.31) (Fain et al. 2008). Since 
FEVi/FVC is considered to be principally a measure of 
airflow limitation, the much stronger correlation of ven- 
tilation defect measures with FEVi%p suggests a more 
prominent role of air trapping and small airways dis- 
ease in this study population. 

Another ongoing study seeks to detect differences in 
severe vs. non-severe (i.e. mild to moderate asthma pa- 
tients) asthma using HP He-3 MRI of ventilation with 
respect to defect burden and correspondence of ventila- 
tion defects to air trapping on CT. In this study, subjects 
were grouped into severe and non-severe asthma based 
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Fig. 8.6a, b. Example of spatial correspondence (a) between ventilation defects on HP MRI {white arrows) and (b) 
hyperlucency on MDCT (black arrows). These defects in the left lower lobe reflect obstructive physiology at differ- 
ent lung volumes: 15% of TLC for HP MRI in a and FRC for expiratory MDCT in b. (Reprinted from Fain SB et al. 
(2008) Acad Radiol 15(6):753-762 with permission) 



on clinical symptoms and a threshold of >880 meg/day 
of inhaled corticosteroids required to control symp- 
toms (Moore et al. 2007). The severe asthma pheno- 
type has variously been estimated to have a prevalence 
of between 5% and 31% (Moore et al. 1996), with the 
uncertainty largely determined by disagreement among 
experts about the key clinical features of more severe 
disease. A recent analysis of the National Medical Ex- 
penditure Survey found that 20% of asthmatics ("high 
cost patients") accounted for 80% of the cost of asthma 
(total cost $5.8 billion) (Smith et al. 1997). Preliminary 
results suggest that patients with severe asthma are not 
necessarily distinguished by level of defect burden, but 
instead by greater regional air trapping on MDCT and 
on dynamic MRI. Ventilation defects on MRI overlap 
spatially with regions of air trapping on MDCT sug- 
gesting a common and more persistent source for these 
abnormalities (Fig. 8.6). 



8.4.2 

Longitudinal and Interventional Studies 

The location and extent of defects through time, either 
during quiescent baseline periods of disease or dur- 
ing asthma exacerbation, have begun to identify the 
relative contributions of more persistent vs more dy- 
namic components of obstructive disease. The level of 
primary airway involvement in asthma remains a topic 
of debate. Several studies using MDCT have pointed 
to a significant large airway component of obstruction 
(Brown et al. 2006), while other studies have pointed 
to the dominance of the small airways (Newman et al. 



1994). The relative roles of airway hyperresponsiveness, 
and reversible vs non- reversible components of asthma 
is another area of contention. Computational model- 
ing, for example, has suggested that heterogeneity could 
emerge from smooth muscle hypersensitivity combined 
with airway asymmetry (Venegas et al. 2005) rather 
than due to underlying structural changes in the air- 
ways. 

Hyperpolarized He- 3 MRI has informed this debate 
by evaluating the persistence and reversibility of defects 
in longitudinal and interventional studies. Longitudi- 
nal studies have begun to reveal important information 
about patterns of heterogeneity of ventilation over time. 
Interventional studies of bronchodilation or bronchoc- 
onstriction induced by albuterol or methacholine have 
made it possible to address issues of airway reversibility 
more directly. Rapid transfer and positioning of the pa- 
tient followed by the application of fast MRI acquisitions 
make it possible to administer the challenge outside the 
magnet bore and acquire post- challenge images within 
5 min. Similarly, regional assessment of previously inac- 
cessible diseases such as exercise -induced bronchocon- 
striction (EIB) can now be evaluated by imaging before 
and after exercise challenge (Samee et al. 2003) or after 
withdrawal of therapy. In one study inhaled corticoster- 
oid therapy was gradually withdrawn over a 4-week pe- 
riod in mild/moderate asthmatics (Panth et al. 2004). 
Both dynamic and breath-held imaging of ventilation 
showed increased number and extent of ventilation 
defects and gas trapping in response to withdrawal of 
inhaled corticosteroid therapy. A significant drop in 
FEVi%p (from 115% to 94% predicted) corresponded 
with the increase in defects and a significant increase 
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Fig. 8.7a-d. He-3 MRI ventilation images in a subject with mild asthma during in- 
haled corticosteroid (ICS) treatment (a,c) and after withdrawal of ICS treatment (b,d). 
The arrow in d indicates a region of gas trapping at forced expiration after withdrawal 
of therapy 
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Fig. 8.8. Longitudinal study showing HP He-3 MRI on Day 1 
(top row) and Day 2 {bottom row) before (left) and after (right) 
methacholine intervention. Note the persistent defects in the 
Day 1 and Day 2 baseline studies indicated by the curved and 



straight arrows. Note that post-methacholine several new de- 
fects emerge while other baseline defects resolve. (Reprinted 
from de Lange EE, Altes TA, Patrie J et al. (2007) J Allergy Clin 
Immunol 119:1072-1078 with permission) 
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in peripheral blood eosinophils was also observed 
(Fig. 8.7). 

A longitudinal and interventional study by de 
Lange et al. (2007) found that up to 40% of the ventila- 
tion defects persisted in the same location over repeated 
acquisitions over varying time periods of several days to 
over a year. Up to 70% of defects overlapped when com- 
paring time-points acquired post-methacholine chal- 
lenge. Results of these longitudinal and interventional 
studies support regional heterogeneity of ventilation in 
asthma and a mixture of persistent (see arrows in left 
column, Fig. 8.8) and reversible regions of ventilation 
defect (see right column, Fig. 8.8). But challenging the 
airways with bronchoconstriction does not necessarily 
amplify the size of the defect and in some cases resolves 
baseline defects (Fig. 8.8). 

The regional patterns of ventilation in asthma are 
central to understanding the mechanisms driving air- 
way obstruction, and the results point to at least some 
persistent regions of abnormality. These regions may 
be proximal to airways that have undergone structural 
remodeling or are undergoing chronic inflammation, 



while airways with a more reversible pattern may be 
proximal to regions of mucus plugging or more domi- 
nant smooth muscle tone. The apparent observation 
of both processes simultaneously is entirely consistent 
with the known complexity of this disease, but more 
work is necessary to provide a means to test mecha- 
nisms of airway obstruction and response to therapy 
more specifically 



Emerging Techniques 

8.5.1 

Four-Dimensional Imaging 

Structure-function relationships in asthma are poorly 
understood at present in part due to the dearth of knowl- 
edge about the level of the airway tree that is principally 
involved in the obstructive physiology. Imaging can 
better address structure-function associations if spatial 





i 


■ 1 


I 







Fig. 8.9. Sagittal (a), coronal (b) and axial (c) views of ven- 
tilation images acquired using the multi-echo undersampled 
3D Radial acquisition (VIPR) method at an isotropic spatial 
resolution of 3.3 mm. The 3D results are compared to (d,e) 
a conventional 2D multi-slice acquisition (see Table 8.1) to 



emphasize the benefits of isotropic resolution for depicting 
images of ventilation of the lung anatomy. Note the fissures of 
the right lung lobes visible in a. (Reprinted from Holmes JH, 
O'Halloran RL, Brodsky EK et al. (2008) Magn Reson Med 
59(5):1062-1071 with permission) 



150 S. B. Fain, J. H. Holmes and R. L. Sorkness 




Fig. 8.10. a,b Coronal slices from peak inspiration and forced expiration of a 4D radial acquisition 
during single respiratory cycle of HP He-3 inhalation/exhalation. c,d Corresponding axial slices 
from the same time frames showing gas trapping in the right upper lobe 



resolution can be improved sufficiently to identify func- 
tional ventilation defects in the context of the structural 
changes of the airway tree. While the spatial resolution 
of HP He-3 techniques is superior to nuclear imaging 
methods at present, it is insufficient to routinely identify 
the lobe boundaries or adequately measure large airway 
structures. For conventional acquisitions, the 1-1.5 cm 
slice thickness required to cover the lungs leads to sig- 
nificant partial volume artifact. Yet a better understand- 
ing of the interplay of ventilation defects and airway ob- 
struction would benefit from the ability to identify the 
lung lobes and level of the airway tree where ventilation 
defects occur. 

As shown by prior studies (Wild et al. 2004), im- 
portant benefits of 3D acquisition include improved 
spatial resolution, improved signal to noise ratio and 
reduced sensitivity to slice profile compared to 2D mul- 
tiple slice acquisitions. The 3D radial acquisition meth- 
ods recently introduced (Holmes et al. 2008) provide 
isotropic resolution that allows images to be reformat- 
ted in multiple planes with full lung coverage, and im- 
proved temporal resolution and spatial resolution in 
MRI allowing depiction of the lobar boundaries and 3D 
depiction of the large airways (Fig. 8.9). 

Dynamic methods for imaging the airways in 2D 
have been demonstrated and compared to MDCT 
in phantom studies (Lewis et al. 2005; Tzeng et al. 
2007). Using accelerated imaging methods and recon- 



struction methods, such as parallel imaging (Lee et al. 
2006) or HYPR methods (Mistretta et al. 2006; 
O'Halloran et al. 2008), 4D (3D + time) imaging of 
respiratory dynamics can be achieved and compared 
directly to CT (Fig. 8.10). It is expected that such 3D 
methods will be less affected by partial volume artifacts 
and thus more sensitive to small regions of gas trapping 
than 2D techniques allowing better correspondence 
with airway anatomy. 



8.5.2 

Diffusion-weighted Imaging 

of Lung Micro-structure 

It has been shown in numerous studies that the HP He-3 
gas can be used in conjunction with diffusion-weighted 
acquisition techniques to assess alveolar microstructure 
in COPD and emphysema (Saam et al. 2000; Salerno 
et al. 2002; Fain et al. 2005, 2006). Diffusion- weighted 
imaging methods, while promising, are early in their 
application to asthma. Recent work suggests that diffu- 
sion weighted imaging can depict gas trapping (Fig. 8.4) 
and perhaps larger scale structural changes using long 
time constant diffusion weighting (A ~ 1.5 s) based on 
a stimulated echo approach (Wang et al. 2006). Spe- 
cific models of lung structure (Yablonskiy et al. 2002) 
may also help to quantify the dimensions of the lung 
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microstructures allowing changes in airway structure 
to be tracked longitudinally for evaluating response to 
therapy 



8.5.3 

Quantitative Ventilation and Perfusion 



(11.8 MHz/T vs 32.4 MHz/T) and protocols for its ap- 
plication are not as fully developed. Nonetheless, the 
-200 ppm chemical shift between gas and dissolved 
phase may make HP Xe-129 a more attractive approach 
for quantifying VA/Q directly in a variety of lung dis- 
eases if the technical challenges can be overcome. 



A more specific but difficult measure, particularly for 
image-based methods, is the alveolar ventilation (VA) 
to perfusion (Q) ratio (VA/Q). The VA/Q is the stan- 
dard for measuring anomalies in lung function stem- 
ming from hypoxemia. Hypoxemic vasoconstriction is 
a normal process that reduces blood flow to areas with 
low ventilation in order to match ventilation to perfu- 
sion. VA/Q is regional by nature and may be important 
in asthma in order to provide an assessment of a given 
individuals ability to adapt to persistent obstruction 
and/or exacerbation due to heterogeneity in the venti- 
lation (Musch et Venegas 2005). 

However, the subjective nature of the typical images of 
ventilation provided using HP He- 3 MRI is a significant 
limitation in moving towards quantitative VA/Q. 
Dynamic methods using HP He- 3 show some promise 
to quantify ventilation by evaluating time constants of 
wash-in and wash-out of the gas (Koumellis et al. 
2005; Holmes et al. 2007). However, issues of Bl- 
uniformity and flip angle correction (Miller et al. 
2004) make true quantification of ventilation using these 
approaches difficult. Nonetheless, qualitative VA/Q may 
be obtained by combining HP He- 3 ventilation with 
intravenous injection of gadolinium contrast-enhanced 
measures of perfusion (Levin and Hatabu 2004) or 
possibly arterial spin labeling (ASL) perfusion methods 
(PRiSKet al.2007). 

Using Tl -weighted imaging techniques, VA/Q can 
be derived indirectly from depolarization of HP He-3 
MRI due to the paramagnetic effects of regional alveo- 
lar oxygen concentration (Rizi et al. 2004). However, 
these methods are sensitive to low signal-to-noise, par- 
ticularly in partially obstructed regions. The accuracy of 
modeling Tl -decay with the reduced number of time 
points available within a limited breath-hold is an ad- 
ditional challenge for this technique (Fischer et al. 
2004). Accelerated acquisition methods may help make 
these techniques more robust for asthma applications 
(O'Halloran et al. 2008). 

While there has been little application of HP Xe-129 
MRI methods to clinical lung disease, the solubility of 
Xe-129 in the blood stream raises interesting applica- 
tions. HP Xe-129 MRI has lagged behind HP He-3 
methods largely because Xe-129 is more challenging 
to polarize, has a lower gyromagnetic ratio than He-3 



8.5.4 

Multi-modality Airway Assessment 

Combining functional images of ventilation from HP 
He-3 MRI with other modes of assessing lung disease is 
a potentially powerful approach to validating different 
airway mechanisms in asthma. Several cross-modality 
studies are in progress to combine functional images of 
ventilation from MRI to guide more localized quanti- 
tative measures of airway remodeling using broncho- 
scopic assessment, MDCT, and modeling. For example, 
bonchoalveolar lavage at ventilation defect sites on HP 
He-3 MRI show that neutrophil cell counts increase 
with extent of ventilation defect (Fain et al. 2008). In 
addition, quantitative MDCT has been used to measure 
airway thickening associated with increased asthma se- 
verity (Aysola et al. 2008). Studies that combine HP 
He-3 MRI with MDCT can therefore provide a means 
of assessing airway remodeling specific to ventilation 
defect location in the same subject. A particularly novel 
approach is to combine imaging of ventilation to pro- 
vide boundary conditions on modes of airway stiffness 
based on mechanical resistivity measures (Tgavalekos 
et al. 2005). Preliminary results from these cross-mo- 
dality studies point to a more prominent involvement of 
the distal large (4th-6th generation) and small airways 
in asthma. 



Summary/Conclusions 

Ongoing clinical studies using MRI are leading to a bet- 
ter understanding of different asthma phenotypes and 
the underlying mechanism(s) driving airway obstruc- 
tion in this disease. There have been important advances 
in understanding of regional heterogeneity in images of 
ventilation using HP He-3 MRI, including the recogni- 
tion of regions of persistent ventilation defect based on 
longitudinal and interventional clinical studies. 

Emerging techniques include 4D imaging of re- 
gional respiratory dynamics and diffusion-weighted HP 
He-3 MRI, Tl -weighted P0 2 mapping, and more quan- 
titative VA/Q approaches. These methods alone and in 
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concert with other modes of assessing lung disease such 
as MDCT imaging of airway structures show poten- 
tial for evaluating the diffuse and complex features of 
asthma. 
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KEY POINTS 



MRI is becoming increasingly useful for imag- 
ing of lung structure and function, both in terms 
of airways imaging, assessment of ventilation and 
evaluation of lung perfusion and right heart func- 
tion. This modality is highly versatile and capable 
of generating a range of inherent and exogenously 
introduced contrast mechanisms, while maintain- 
ing high resolution as well as incredible speed of 
data acquisition. 

It is quite likely that MRI techniques will allow fur- 
ther evaluation of physiological and pathophysio- 
logical aspects of COPD, and this should ultimately 
lead to improved understanding and treatment of 
this heterogeneous diseases complex. 
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Chronic obstructive pulmonary disease (COPD) 
is the fourth most common cause of death among 
adults (Rabe et al. 2007). COPD is characterized by 
incompletely reversible (usually progressive) airflow 
limitation, which is associated with an abnormal in- 
flammatory response of the lung to noxious particles or 
gases. It is caused by a mixture of airway obstruction 
(obstructive bronchiolitis) and parenchymal destruc- 
tion (emphysema), the relative contributions of which 
are variable (Rabe et al. 2007). Chronic bronchitis, or 
the presence of cough and sputum production for at 
least 3 months in each of 2 consecutive years, remains a 
clinically and epidemiologically useful diagnostic clas- 
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sifying term. Pulmonary emphysema is a pathological 
term and is defined by the American Thoracic Society 
as an abnormal permanent enlargement of the air 
spaces distal to the terminal bronchioles, accompanied 
by the destruction of their walls. In a simplified way, 
obstructive airflow limitation leads to air-trapping with 
subsequent hyperinflation of the airspaces, which com- 
bined with inflammatory lung injury leads to destruc- 
tion of the lung parenchyma. For severity assessment 
of COPD lung function tests, such as forced expiration 
volume in 1 s (FEVO, FEVi/FVC (forced vital capacity) 
and diffusing capacity for carbon monoxide (DLco) are 
used. However, pulmonary function tests only provide 
a global measure without any regional information and 
are not suitable for determination of structural abnor- 
malities. Although extremely useful in clinical practice 
and for global management of patients, pulmonary 
function tests are known to be relatively insensitive to 
both early stages and small changes of manifest disease. 
Furthermore, pulmonary function tests are dependent 
upon the effort and compliance of the patient, and are 
difficult to reliably perform in young children. Chronic 
hyperinflation impacts on diaphragmatic geometry 
with subsequent dysfunction due to dissociation of 
the breathing mechanics. The disease also affects the 
pulmonary arteries: intimal thickening, smooth muscle 
hypertrophy and inflammation were described, which 
ultimately give rise to vascular remodeling (Szilasi et 
al. 2006). The direct vascular changes and hyperinflation 
lead to the precapillary type of pulmonary hypertension 
and pulmonary vascular flow disturbance (Rosen- 
kranz 2007). 

In contrast to pulmonary function tests, radiologi- 
cal imaging techniques may be able to differentiate the 
different components of obstructive lung disease on a 
regional basis, with the possibility of detecting early 
disease stages prior to the onset of severe symptoms. 
Computed tomography (CT) is the mainstay diagnos- 
tic modality in this field with emphasis on structural 
imaging of lung parenchyma and airways. Magnetic 
resonance imaging (MRI) has the potential to provide 
regional information about the lung without the use 
of ionizing radiation, but is hampered by several chal- 
lenges: the low amount of tissue relates to a small num- 
ber of protons leading to low signal, countless air-tissue 
interfaces cause substantial susceptibility artifacts and 
last but not least, respiratory and cardiac motion. In 
several lung diseases, such as tumors, the amount of 
protons or the blood volume is actually increased and 
motion is reduced, which provides better pre-condi- 
tions for MRI. In obstructive pulmonary disease, how- 
ever, there are no facilitating disease-related effects as 



there is loss of tissue and reduced blood volume due 
to hypoxic vasoconstriction and the degree of hyper- 
inflation has a negative correlation with the MR signal 
(Ley-Zaporozhan et al. 2008). The depiction of the 
airways by MRI is certainly limited to the central bron- 
chi. Fortunately, MRI has shown significant potential 
beyond the mere visualization of structure by provid- 
ing comprehensive information about "function", such 
as perfusion, hemodynamics, ventilation and respira- 
tory mechanics. 



Parenchyma 

The most frequently utilized sequences in MRI of 
COPD are acquired in a single breath-hold. For fast T2- 
weighted imaging, single shot techniques with partial- 
Fourier acquisition (HASTE) or ultrashort TE (UTSE) 
are recommended (Figs. 9.1 and 9.2). The T2-weighted 
HASTE sequence in coronal and/or axial orientation al- 
lows for the depiction of pulmonary infiltrates, inflam- 
matory bronchial wall thickening and mucus collec- 
tions. Tl -weighted 3D gradient echo sequences, such 
as VIBE, are suitable for the assessment of the medi- 
astinum and common nodular lesions. The intravenous 
application of contrast material markedly improves the 
diagnostic yield of Tl weighted sequences by a clearer 
depiction of vessels, hilar structures and solid patholo- 
gies. A major goal in inflammatory obstructive airway 
disease is to differentiate inflammation within the wall 
from muscular hypertrophy, edema and mucus collec- 
tion which cannot be achieved by CT, but can be ad- 
dressed by the use of Tl- and T2-weighted images as 
well as contrast enhancement (Ley-Zaporozhan et al. 
2008). 

The extent of hyperinflation and hypoxic vasocon- 
striction is directly associated with the loss of signal 
(Bankier et al. 2004). Thus, until now, MRI of the pul- 
monary parenchyma has only been successfully applied 
to diseases with an increase of tissue and resultant sig- 
nal. While emphysematous destruction can hardly be 
diagnosed by a loss of signal, it is much easier to detect 
hyperinflation just by the size or volume of the thorax. 
In a recent study, it was shown that the change of pa- 
renchymal signal intensity measured by MRI at inspira- 
tion and expiration correlates with FEVi (r = 0.508) and 
might warrant further studies as a predictor of airflow 
obstruction (Iwasawa et al. 2007). 
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Fig. 9.1a,b. Coronal CT reformats (a) and corresponding 
coronal T2 weighted (HASTE) images (b): severe emphysema 
with predominance of the right lower lobe on CT corresponds 



to a loss of MR signal {arrows) reflecting destruction of the 
parenchyma and paucity of pulmonary vasculature of the pul- 
monary vasculature 
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visual depiction of bronchiectasis was shown compared 
to CT (Biederer et al. 2003). 



Fig. 9.2. Coronal T2 weighted (HASTE) image shows the 
typical flattening of the diaphragm in emphysema 



Airways 

Several pathological studies have shown that a major 
site of airway obstruction in patients with COPD is in 
airways smaller than 2 mm internal diameter (Hogg et 
al. 2004). The 2-mm airways are located between the 4th 
and the 14th generation of the tracheobronchial tree. 
Airflow limitation is closely associated with the sever- 
ity of luminal occlusion by inflammatory exudates and 
thickening of the airway walls due to remodeling. Severe 
peripheral airflow obstruction can also affect the proxi- 
mal airways from subsegmental bronchi to the trachea. 
For assessment of tracheal instability MR cine ac- 
quisitions during continuous respiration or forced ex- 
piration are recommended (Heussel et al. 2004). The 
depiction of airway dimensions and thickness of the 
airway walls by MRI under physiological conditions is 
limited to the central bronchi. For depiction of the bron- 
chiectasis high spatial resolution is essential. By using a 
3D volume interpolated gradient echo sequence (VIBE) 
with a voxel size of approximately 0.9 x 0.88 x 2.5 mm a 
sensitivity of 79% and a specificity of 98% regarding the 



Respiratory Dynamics 

Respiration is the result of the complex interaction be- 
tween chest wall and diaphragm motion, and it can be vi- 
sualized by 2D or 3D dynamic MR techniques (Cluzel 
et al. 2000; Plathow et al. 2004, 2005). For data acqui- 
sition time resolved techniques are used which can be 
based on FLASH or trueFISP sequences. This allows for 
a high temporal resolution down to 100 ms per frame. 

Hyperinflation of the lung severely affects diaphrag- 
matic geometry with subsequent reduction of the me- 
chanical properties, while the effects on the mechanical 
advantage of the neck and rib cage muscles are less pro- 
nounced (Decramer 1997). The common clinical mea- 
surements of COPD do not provide insights into how 
structural alterations in the lung lead to dysfunction 
in the breathing mechanics, although treatments such 
as lung volume reduction surgery (LVRS) are thought 
to improve lung function by facilitating breathing me- 
chanics and increasing elastic recoil (Henderson et al. 
2007). 

In contrast to normal subjects with regular, syn- 
chronous diaphragm and chest wall motion, dynamic 
MRI in patients with emphysema frequently showed 
reduced, irregular or asynchronous motion, with a 
significant decrease in the maximum amplitude and 
the length of apposition of the diaphragm (Suga 
et al. 1999). In some patients the ventral portion of 
the hemidiaphragm moved downward at MRI while 
the dorsal part moved upward like a seesaw (Iwasawa 
et al. 2000). The paradoxical diaphragmatic motion 
correlated with hyperinflation, although severe hy- 
perinflation tended to restrict both normal and para- 
doxical diaphragmatic motion (Iwasawa et al. 2002). 
After LVRS, patients showed improvements in dia- 
phragm and chest wall configuration and mobility at 
MRI (Suga et al. 1999). Ultrafast dynamic proton MRI 
was shown to be able to demonstrate the rapid volume 
changes observed during forced vital capacity maneu- 
ver (Fig. 9.3) and correlated closely with pulmonary 
function tests, but with the added advantage of provid- 
ing regional information on changes in lung volumes 
during this procedure (Eichinger et al. 2007; Swift 
etal.2007). 
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Fig. 9.3a-d. Coronal and sagittal MR images taken from a dynamic series acquired in a COPD patient during forced expira- 
tion reflecting maximum inspiration (a,c) and maximum expiration (b,d) shows motion of the diaphragm and thoracic wall 

(arrows) 
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Ventilation 

As sufficient gas exchange depends on matched perfu- 
sion and ventilation, assessment of regional ventilation 
is important for the diagnosis and evaluation of pul- 
monary emphysema. Currently, the most established 
method for imaging regional lung ventilation are nu- 
clear medicine studies using krypton-81m (Kr-81m), 
xenon- 133 (Xe-133), radiolabeled aerosol (Technegas) 
and technetium-99m (Tc-99m) -labeled diethylentri- 
aminepentaacetic acid (DTPA). The utility of nuclear 
medicine in pulmonary diseases has been well docu- 
mented. However, these techniques are hampered by 
low spatial resolution and the necessity of inhalation of 
radioactive tracers, while 3D (SPECT) imaging will re- 
quire approximately 20 min of imaging time, thus limit- 
ing the diagnostic power of the technique. 

Although PFTs and nuclear medicine imaging have 
been established as the most common and reliable pul- 
monary function techniques, others such as contrast 
enhanced proton studies and hyperpolarized noble gas 
MRI are strong contenders in the functional imaging 
race, as they provide a rapid, high resolution regional 
quantification of disease progress and onset without the 
need for ionizing radiation tracers. 



9.5.1 

Oxygen-Enhanced Imaging 

Oxygen- enhanced MRI requires no special scanner 
hardware, is easy to use and the overall material costs 
are low in comparison with noble gas imaging. The main 
idea behind this technique is to utilize the paramagnetic 
properties of inhaled oxygen (0 2 ) to obtain informa- 
tion regarding the pulmonary blood flow volume and 
integrity of the lung parenchyma (see Sect. 4.4). Several 
investigators reported that oxygen enhanced MRI could 
demonstrate regional ventilation (Edelman et al. 1996; 
Loffler et al. 2000; Ohno et al. 2001). The technique 
of oxygen-enhanced MRI has been successfully applied 
in volunteers; the translation into clinical examination 
however is difficult. Only few studies have successfully 
applied oxygen- enhanced MRI to patients with pulmo- 
nary diseases in a clinical setting. One of the reasons 
might be that the use of high oxygen concentrations 
(15 L/min) may not be without risk in patients with se- 
vere COPD. 

In some basic measurements it was shown, that the 
Tl of the lung parenchyma is significantly shorter in 
patients with emphysema than in volunteers (Stadler 



et al. 2008). In a preliminary study an inhomogeneous 
and weak signal intensity increase after application of 
oxygen was observed, compared to healthy volunteers 
(Muller et al. 2002). Ohno et al (2003) demonstrated 
that regional changes in ventilation as observed in ox- 
ygen-enhanced MR reflected regional lung function. 
The maximum mean relative enhancement ratio corre- 
lated with the diffusion capacity for carbon monoxide 
(r 2 =0.83), while the mean slope of relative enhance- 
ment was strongly correlated with the FEVi (r 2 =0.74) 
and the maximum mean relative enhancement with the 
high- resolution CT emphysema score (r 2 =0.38). Re- 
cent work also suggests that the simple administration 
of pure oxygen induces the pulmonary arteries to di- 
late resulting in an increase of pulmonary blood volume 
and a consecutive increase in signal intensity (Ley et al. 
2007). 



9.5.2 

Hyperpolarized Noble Gas Imaging 

Over the past decade hyperpolarized noble gas MRI 
using 3 Helium and 129 Xenon was developed to improve 
imaging of pulmonary structure, ventilation, dynam- 
ics and oxygen uptake. 3 Helium has become the most 
widely used gas for these studies as it provides higher 
signal-to-noise ratios than 129 Xenon, due to its intrinsic 
gyromagnetic ratio, and its confinement to the airways 
and airspaces without dissolving into the surrounding 
tissue and bloodstream (van Beek et al. 2004). Areas 
with ventilation defects caused by airway obstruction 
and emphysema represent the only limitation because 
they cannot be assessed due to lack of the tracer gas 
entering these areas. Thus, there is almost no informa- 
tion about these affected lung regions. Overall, the in- 
trinsic high cost of these noble gases, the need for la- 
ser-induced hyperpolarization hardware, and the need 
for non-proton imaging hardware and software remain 
the major drawbacks of this technology on its way to 
broader clinical applications. 



9.5.2.1 

Static Ventilation 

Airflow obstruction leads to a reduced level of 3 Helium 
in the distal lung regions allowing for sensitive detec- 
tion of ventilation abnormalities (Figs. 9.4 and 9.5) 
(Kauczor et al. 1996). In healthy smokers with normal 
lung function even subtle ventilation defects were visu- 
alized demonstrating the high sensitivity of the tech- 
nique (Guenther et al. 2000). The volume of ventilated 
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Fig. 9.4. MR ventilation images using hyperpolarized 3 Helium gas of a patient suffering from alpha 1- antitrypsin- deficiency: 
good ventilation of the right upper lobe and large wedge-shaped ventilation defects in all remaining lung areas 




Fig. 9.5. MR ventilation images using hyperpolarized 3 Helium gas of a patient suffering from COPD: focal and wedge-shaped 
ventilation defects in all parts of the lung 



lung areas on 3 He-MRI correlated well with vital capac- 
ity (r = 0.9) and the amount of non-emphysematous vol- 
ume on CT (r = 0.7) in patients with severe emphysema 
following single lung transplantation (Zaporozhan et 
al. 2004). Ventilation defects correlated well with the 
parenchymal destruction assessed by HRCT in patients 
with severe emphysema following single lung transplan- 
tation (Gast et al. 2002). Quantification of ventilatory 
impairment can be achieved by automatic segmentation 
of the lung allowing for precise pre- and post-thera- 
peutic comparison of ventilation (Ray et al. 2003). In 
addition, a proton-3-He subtraction method has been 
shown to be reproducible and easily implementable, 
allowing for sensitive quantification of ventilated lung 
volumes (Woodhouse et al. 2005). 



9.5.2.2 

Dynamic Assessment 

3 Helium MR imaging with high temporal resolution via 
ultra-fast Echo-planar (EPI), Gradient-echo and inter- 



leaved spiral sequences allows for the visualization and 
assessment of the various inspiratory and expiratory 
phases of respiration. The instantaneous visualization 
of the bolus movement leads to a direct evaluation of 
the regional distribution of ventilation throughout the 
lungs, which may be quantified using a regional assess- 
ment (Lehmann et al. 2004). Evaluation of the overall 
usefulness of the technique has shown considerable 
airflow abnormalities in diseased lung states and nor- 
mal respiration stages in normal lungs (Salerno et al. 
2001; Wild et al. 2003). Normal respiration can be de- 
scribed by a rapid and homogenous distribution of the 
gas throughout the lung, whereas in diseased lungs, the 
airflow is inhomogeneous due to factors such as airway 
blockages and reduced lung compliance, leading to in- 
terspersed ventilation defects (Fig. 9.6). The observed 
ventilation defects vary from reduced inflow to air trap- 
ping as observed in the later phases of the respiratory 
cycle, which are more markedly visualized in subjects 
with CT proven centrilobular emphysema (Gast et al. 
2003; Gierada et al. 2000; Wild et al. 2003). 



162 J. Ley-Zaporozhan, A. F. Halaweish and E.J. R. van Beek 




Fig. 9.6. Dynamic MR ventilation images using hyperpolar- 
ized 3 Helium gas from a COPD patient showing regions of 
ventilation obstruction in both lungs, particularly in the upper 



lobes and a delayed emptying/depolarization of gas in the low- 
er left lobe, which could be indicative of air trapping (reprinted 
with permission from van Beek et al 2004) 
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9.5.2.3 

Helium Apparent Diffusion 
Coefficient (ADC) 



Pulmonary Perfusion 



The high diffusion coefficient of 3 Helium gas makes 
it very suitable for the evaluation of the lung micro - 
structure, connecting pores and pathways, leading to 
an overall assessment of the integrity and size of such 
structures. The ADC is a reflection of the restricted dif- 
fusion of 3 Helium gas in a normal airway system due 
to the relatively small size of airways in relation to the 
diffusivity of the gas. 

Similar to all other 3 Helium techniques, the ADC 
is accomplished throughout one single breath hold, 
where a series of images is acquired and evaluated on a 
pixel-by-pixel basis. The introduction of the additional 
gradients into the sequences allows the monitoring of 
diffusion through signal decay incurred by motion of 
the helium molecules, thus creating a map of diffusion 
values representing the regional and global integrity of 
the lungs. 

ADC maps of normal healthy volunteers have shown 
to be homogenous and uniform. On the other hand, in 
emphysematous subjects ADC maps were non-uniform 
and contained larger diffusion values. This non-unifor- 
mity of the ADC values correlates well with the nature 
of the disease, where the degree and location of destruc- 
tion varies throughout the lung (Conradi et al. 2005; 
Ley et al. 2004b; Salerno et al. 2002). The ability to 
distinguish between normal and emphysematous lungs 
reflects the overall power of determining and quantify- 
ing airway enlargement along with tissue destruction. 
The mean ADC for emphysema patients (0.452 cm 2 /s) 
was found to be significantly larger (p < 0.002) than for 
normal volunteers (0.225 cm 2 /s) (Salerno et al. 2002). 
In other studies, mean ADC values of emphysema pa- 
tients were as low as 0.24 cm 2 /s and as high as 0.55 cm 2 /s 
(Conradi et al. 2005; Swift et al. 2005). These values 
and their standard deviations correlated good (r = -0.6) 
with predicted percentages of FEV1 (Swift et al. 2005). 
This wide distribution of ADC values for the emphy- 
sema population can be attributed to the variability in 
airspace size and morphological alterations of the distal 
airspaces caused by the disease. The reproducibility of 
these ADC measures has been demonstrated to be very 
high, within 5% for consecutive scans (Morbach et al. 
2005). 



Perfusion and ventilation are normally in balance, with 
hypoxic vasoconstrictive response providing a method 
to optimize lung function. In patients with COPD, 
ventilation is impaired due to airway obstruction and 
parenchymal destruction, leading to perfusion being 
moved to better ventilated lung regions or shunting of 
blood (moving through the lungs without reaching a 
capillary bed for gas exchange) (Moonen et al. 2005). 
The reduction of the pulmonary vascular bed is related 
to the severity of parenchymal destruction (Thabut 
et al. 2005); however the distribution of perfusion does 
not necessarily match parenchymal destruction (Ley- 
Zaporozhan et al. 2007; Sandek et al. 2002). Con- 
ventional radionuclide perfusion scintigraphy has been 
used to assess these abnormalities, but it has substantial 
limitations with respect to spatial and temporal reso- 
lution. A superior technique is SPECT, which is rarely 
used as it is rather time consuming and not routinely 
applied. Inflammation appears to play a critical role in 
the maintenance of the hypoxic vasoconstrictive re- 
sponse, and PET studies with endotoxin challenge have 
shown that this response is shut off when inflammation 
and lung injury occur (Gust et al. 1998; Schuster and 
Marklin 1986). 

The basic principle of contrast-enhanced perfusion 
MRI is a dynamic acquisition during and after an intra- 
venous bolus injection of a paramagnetic contrast agent. 
With the introduction of parallel imaging techniques, 
3D perfusion imaging with a high spatial and temporal 
resolution, as well as an improved anatomical coverage 
and z-axis resolution can be acquired (Fink et al. 2004, 
2005; Ley et al. 2004a). These data sets are also well 
suited for high quality multiplanar reformats. Due to 
high spatial resolution, detailed analysis of pulmonary 
perfusion and precise anatomical localization of the 
perfusion defects on a lobar and even segmental level 
can be performed (Fig. 9.7). Quantitative values for pul- 
monary perfusion can be obtained by applying the prin- 
ciples of indicator dilution techniques. The quantitative 
indices, such as mean transit time (MTT), pulmonary 
blood volume (PBV), and blood flow (PBF), are derived 
from the time intensity curve, denned by the dynamic 
series of perfusion MR images (also see Chap. 3). 

MR perfusion allows for a high diagnostic accuracy 
in detecting perfusion abnormalities (Fink et al. 2004; 
Sergiacomi et al. 2003). Furthermore, MR perfusion 
ratios correlate well with radionuclide perfusion scintig- 
raphy ratios (Molinari et al. 2006; Ohno et al. 2004a). 
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Fig. 9.7. Coronal contrast-enhanced MR perfusion images of 
a COPD patient acquired during an inspiratory breath-hold 
showing subpleural distribution of perfusion defects 



Lobar and segmental analysis of the perfusion defects 
can be achieved (Ley-Zaporozhan et al. 2007). 

The perfusion abnormalities in COPD clearly dif- 
fer from those caused by vascular obstruction. While 
wedge shaped perfusion defects occur in embolic vas- 
cular obstruction, a low degree of contrast enhancement 
is generally found in patients with COPD/emphysema 
(Amundsen et al. 2002; Morino et al. 2006). Further- 
more, the peak signal intensity is usually reduced. These 
features allow for easy visual differentiation. In patients 
with COPD, the quantitative evaluation of 3D perfusion 
showed that the mean PBF, PBV and MTT were sig- 
nificantly decreased, and these changes showed a very 
heterogeneous distribution (Ohno et al. 2004b). It was 
discussed that patients with emphysema have hypoxia 



as well as destruction of lung parenchyma and fewer al- 
veolar capillaries. This causes increased pulmonary ar- 
terial resistance and, secondarily to adaptive processes, 
pulmonary hypertension and right ventricular dysfunc- 
tion. Ultimately, this results in decreased pulmonary 
blood flow in addition to heterogenous perfusion and 
decreased PBV. MTT is determined by the ratio be- 
tween PBV and PBF. The results suggested that MTT 
is significantly decreased, reflecting a larger degree of 
decrease in PBV compared with PBF, with concomitant 
increased heterogeneity of regional PBV. Obviously, 
accurate quantitative measurements of such regional 
changes are important for improved understanding of 
lung pathophysiology in COPD. 
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Hemodynamics 

Assessment of right ventricular function is important, 
as this is where the strain of perfusion obstruction and 
pulmonary hypertension eventually leads to the demise 
of the patient. MRI is able to assess right ventricular 
function through either phase contrast flow measure- 
ments in the pulmonary trunk (Fig. 9.8) or by short 
axis cine -acquisition of the right ventricle (Gatehouse 
et al. 2005; Vonk-Noordegraaf et al. 2005). Thus, 
early changes of the complex geometry of the right 
ventricular wall and chamber volume can be accurately 
measured. 

Although pulmonary hypertension and cor pulmo- 
nale are rather common sequelae of COPD, the direct 



mechanism remains unclear (Szilasi et al. 2006). In 
COPD patients the pulmonary vessels show a reduced 
capacity for vessel dilatation due to a defect in synthe- 
sis and/or release of nitric oxide. Prior to the onset of 
clinical symptoms patients exhibit signs of vascular bed 
obstruction and elevated pulmonary artery pressure in- 
cluding main pulmonary artery dilatation. Pulmonary 
hypertension is most often mild to moderate (mean 
pulmonary artery pressure in the range 20-35 mmHg), 
but it may worsen markedly during acute exacerbations, 
sleep and exercise. Assessment of the pulmonary arte- 
rial pressure is necessary in COPD patients for at least 
two reasons: such patients have a poor prognosis; and 
they need adequate treatment that might include pul- 
monary vasodilators. 

It has been demonstrated by several studies that 
the level of pulmonary hypertension has a prognostic 




Fig. 9.8a-c. Quantitative flow measure- 
ment of pulmonary blood flow. Magnitude 
(a) and velocity encoded (b) image of the 
pulmonary trunk {arrow). Results of peak 
velocity over time (c) show the prolonged 
increase of velocity at the beginning of the 
systolic phase followed by an abnormal 
plateau during diastole 
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impact in COPD patients. In one of these studies, the 
5 -year survival rates were 50% in patients with mild 
(20-30 mmHg), 30% in those with moderate-to-severe 
(30-50mmHg), and 0% in the small group (n=15) 
of patients with very severe pulmonary hypertension 
(> 50 mmHg). Thus, severe pulmonary hypertension 
carries a poor prognosis, and this has also been ob- 
served in COPD patients receiving long-term oxygen 
therapy (Weitzenblum and Chaouat 2005). 

Initially, a rise in pulmonary blood pressure leads to 
pulmonary artery dilatation while right ventricular per- 
formance is usually maintained. Evaluation of the right 
ventricle and pulmonary blood flow by echocardiogra- 
phy is difficult in patients with emphysema as the acous- 
tic window is limited. Therefore, MRI has been used for 
imaging the right ventricle, and a loose correlation be- 
tween increased right ventricular mass and the severity 
of emphysema was demonstrated (Boxt 1996). 

In COPD patients with hypoxemia, increased right 
ventricular volumes, decreased right ventricular func- 
tion, and impaired left ventricular diastolic function 
were shown (Budev et al. 2003). In a study by Vonk- 
Nordegraaf et al. (1997) the right ventricular mass 
and ejection fraction in 25 clinically stable, normoxic 
COPD patients with emphysema were analyzed. The po- 
sition of the heart appeared rotated and shifted to a more 
vertical position in the thoracic cavity due to hyperin- 
flation of the lungs with an increase of the retrosternal 
space. The right ventricular wall mass was significantly 
higher (68 g) in the patient group compared to healthy 
volunteers (59 g). The right ventricular ejection frac- 
tion was unchanged (53%). In another study from the 
same group, structural and functional cardiac changes 
in COPD patients with normal P a 2 and without signs 
of right ventricular failure were evaluated. Compared 
to healthy volunteers, there were no indications of pul- 
monary hypertension. However the end-systolic and 
end-diastolic volumes of the right ventricle were signifi- 
cantly reduced (with normal ejection fraction), the right 
ventricular mass was significantly elevated while the left 
ventricular mass was within normal limits. The authors 
conclude that concentric right ventricular hypertrophy 
is the earliest sign of right ventricular pressure increase 
in patients with COPD. This structural adaptation of the 
heart initially does not alter right and left ventricular 
systolic function (Vonk-Noordegraaf et al. 2005). As 
this is the only study so far in patients with mild em- 
physema, no strong conclusions can be drawn from this 
first description of the early adaptation mechanisms 
of the right ventricle in patients with normoxemia or 
mild hypoxemia and the consequences of any structural 
changes on right and left ventricular function. 
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KEY POINTS 



Proton MRI is able to visualize the major changes 
in CF lung disease in a similar way to CT albeit 
there will be shortcomings in the detection of more 
subtle or smaller abnormalities. Further studies are 
warranted to determine whether the additional 
structural detail provided by CT is necessary for 
the evaluation of the severity and progression of 
CF lung disease. At the same time, proton and hy- 
perpolarized gas MRI provide a broad spectrum of 
additional functional information in CF lung dis- 
eases which was previously not available to patients 
and clinicians. It is currently unknown whether 
the benefits derived from functional information 
about perfusion and/or ventilation by MRI will fi- 
nally prevail over the mere structural information 
provided by CT in the clinical assessment of CF. It 
is conceivable that MRI and CT will be comple- 
mentary as they have different advantages and dis- 
advantages in elucidating the structure/function 
relationships. The MRI techniques to be applied in 
CF lung disease are novel and further development 
and studies are required to fully implement and as- 
sess their potential impact in CF. 
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Introduction 

Cystic fibrosis (CF) is an autosomal recessive disorder 
caused by gene mutations of the long arm of chromo- 
some 7. This gene codes for the Cystic Fibrosis Trans- 
membrane Regulator- Protein (CFTR), which functions 
as an anion channel. The impaired CFTR function causes 
aberrations of volume and ion composition of airway 
surface fluid, leading to viscous secretions with the con- 
sequence of bacterial colonization, chronic lung infec- 
tion, air way obstruction and consecutive destruction of 
the lung parenchyma (Gibson et al. 2003). Despite im- 
proved understanding of the underlying pathophysiol- 
ogy and the introduction of new therapies, CF remains 
one of the most life -shortening inherited diseases in 
the Caucasian population. The median survival of CF- 
patients is up to 37.4 years in Germany (Stern et al. 
2008) and 36.8 years in the USA in 2005 (Beall et al. 
2005). Although CF affects most body systems, the ma- 
jority of morbidity and mortality in CF-patients is due 
to chronic progressive lung disease. 

The standard clinical tool for monitoring CF lung 
disease is pulmonary function testing. Pulmonary func- 
tion tests provide a global measure of airflow obstruc- 
tion and/or restriction, but provide no regional infor- 
mation about the lung function or information about 
lung structure. Although extremely useful, pulmonary 
function tests are known to be relatively insensitive to 
early lung disease and to small changes in the course 
of the disease. Furthermore, pulmonary function tests 
are dependent upon the effort and compliance of the 
patient, and are difficult for young children to perform. 
Yet pulmonary function tests remain one of the primary 
outcome measures in cystic fibrosis (CF) lung disease. 
A decrease of Forced Expiratory Volume in one second 
(FEVi) was shown to be the most important prognostic 
factor for the course of the disease and the most sig- 
nificant predictor of mortality in a study of 673 patients 
with CF (Kerem et al. 1992). However, a more sensi- 
tive test that is not effort dependent and can be done by 
young children would be highly desirable for the assess- 
ment of cystic fibrosis lung disease. 

The standard radiological tools for monitoring of 
lung disease in CF-patients are chest X-ray and thin- 
section computed tomography, evaluated using differ- 
ent scoring systems, e.g. the Chrispin-Norman Score 
(Chrispin and Norman 1974) for chest X-ray and the 
Bhalla or in a modified form the Helbich-Score (Bhall a 
et al. 1991; Helbich et al. 1999) for thin-section CT. 

Chest CT provides submillimeter resolution images 
of lung structure and has been proposed as a possible 



outcome measure for CF lung disease (Brody et al. 
1999, 2005; Robinson 2004). CT has been shown to be 
more sensitive to early CF lung disease than pulmonary 
function testing, likely due to the regional nature of the 
information obtained (Brody et al. 2005). Despite the 
promising early studies related to the use of CT scan- 
ning in CF, a major drawback remains the radiation 
exposure associated with CT (Brenner 2002, 2004; 
Frush et al. 2003; Huda and Vance 2007). Radiation 
safety concerns may ultimately limit the utility of CT in 
CF lung disease for applications in which multiple CT 
scans are required. 

MRI of the chest has already been proposed as a 
potential imaging alternative in CF-patients in the late 
1980s (Fiel et al. 1987). However, at this time, MRI 
technology was not able to produce comparable re- 
sults to CT (Carr et al. 1995) or an adequate clinical 
input. Recently, new strategies have been implemented, 
ready to overcome the inherent difficulties of MRI of 
the lung, making this technique (morphological and 
functional MRI of the lung) especially attractive for im- 
aging CF-patients. Recent studies compared low field 
MRI and chest X-ray or CT (Abolmaali et al. 2002; 
Hebestreit et al. 2004). Other studies compared CT, 
chest X-ray and proton MRI at 1.5 T (Puderbach 
et al. 2007 a, b). Further studies used functional MRI 
techniques like oxygen enhanced MRI (Jakob et al. 
2004), hyperpolarized helium ( 3 He)-MRI (Donnelly 
et al. 1999; Koumellis et al. 2005; Mentore et al. 
2005) or contrast enhanced MR perfusion (Eichinger 
et al. 2006) to judge the functional impairment of the 
lung. 

Currently, research with MRI in CF lung disease lags 
behind that with CT. In the following, we review the 
common findings of CF lung disease on conventional 
proton MRI and discuss some of the newer MRI tech- 
niques that provide functional information about CF 
lung disease. 



Structural Changes 

of CF Lung Disease on Proton-MRI 

Using common proton-MRI sequences, it is possible 
to visualize the structural changes of CF lung disease 
including bronchial wall thickening, mucus plugging, 
bronchiectasis, air fluid levels, consolidation and seg- 
mental/lobar destruction, albeit with lower spatial and 
temporal resolution than with CT (Puderbach et al. 
2007a). Although not yet proven, it seems likely that the 
lower spatial and temporal resolution of MRI will mean 
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that MRI is less sensitive than CT to specific imaging 
features such as distal bronchiectasis. However, this does 
not necessarily mean that MRI will provide less useful 
information about CF since sensitivity to these imag- 
ing features may not be critical for the assessment of the 
overall burden of disease (Puderbach et al. 2007b). 



10.2.1 

Bronchial Wall Thickening 

The visualization of bronchial wall thickening is de- 
pendent on bronchial size, bronchial wall thickness and 
bronchial wall signal. In MRI studies of normal lung, 
only the central airways to the level of lobar bronchi are 
routinely visualized, and some segmental bronchi can 
be identified. This is in contrast to CT in which the sixth 
to eighth generation bronchi can be identified. How- 
ever in CF patients, bronchial wall thickening of small 
airways enhances their detectability by MRI so that 
small airways with thick walls can be visualized in the 
lung periphery (Fig. 10.1) (Puderbach et al. 2007a). 
Interestingly, the T2 weighted signal of the thickened 
bronchial walls in CF varies from high intensity to low 
intensity. Since water and edema produce a high T2 
weighted signal, it would not be surprising if the high 
bronchial wall signal is due to edema possibly caused by 
active inflammation. This is a phenomena not observed 
in CT. A Tl weighted sequence allows for evaluation 
of the contrast enhancement of the bronchial wall. In 
CF, different patterns of bronchial wall contrast en- 
hancement have been observed. In some lung regions, 
bronchi demonstrate striking enhancement while in 
other regions weak contrast enhancement is observed. 
This phenomenon may also be related to inflammatory 
activity within the bronchial wall, but further studies 
are required to improve our understanding of these 
phenomena (Fig. 10.2). 



10.2.2 

Mucus Plugging 

Mucus plugging is well visualized by MRI due to the 
high T2 weighted signal of its fluid content (Fig. 10.1). 
Mucus plugging in central large bronchi and peripheral 
small bronchi can be visualized on MRI. In central mu- 
cus plugging, there is high T2 weighted signal filling the 
bronchus within its course. Peripheral mucus plugging 
shows a grape like appearance of small T2 weighted high 
intensity areas, similar to the "tree in bud" phenomena 
in small airway inflammation on CT. Mucus plugging 
does not show contrast enhancement, thus mucus and 



bronchial wall thickening can be differentiated by the 
combination of T2 weighted and contrast enhanced 
sequences. In CT, these two pathologic entities can not 
be reliably distinguished because the CT attenuation of 
mucus and soft tissue are similar. 

Depending on the stage of disease, CF patients have 
an increased risk of hemoptysis. The localization of 
the origin of bleeding can be crucial for the outcome 
of the patient. With CT, mucus and blood are similar in 
attenuation and cannot be distinguished. On MRI, us- 
ing the combination of Tl and T2 weighted and con- 
trast enhanced sequences, mucus and fresh blood can 
be distinguished. Mucus has a high T2 weighted and 
low Tl weighted signal, while fresh blood has a low T2 
weighted and Tl weighted signal. 



10.2.3 
Bronchiectasis 

The MRI appearance of bronchiectasis is dependent 
on: bronchial level, bronchial diameter, wall thickness, 
wall signal and the signal within the bronchial lumen. 
Central bronchiectasis is well visualized on MRI inde- 
pendent of wall thickening or wall signal because of 
the anatomically thicker wall of the central bronchi. 
Peripheral bronchi starting at the third to fourth gen- 
eration are poorly visualized by MRI except when they 
are pathological with bronchial wall thickening and/or 
mucus plugging. 



10.2.4 

Air Fluid Levels 

Air fluid levels are indicative of active infection and oc- 
cur in saccular or varicose bronchiectasis. Bronchial air 
fluid levels can be visualized by MRI because of the high 
T2 weighted signal from the fluid. However, discrimi- 
nating between a bronchus with an air fluid level and 
one with a partial mucus plug or a severely thickened 
wall can be difficult. However, by evaluating the signal 
characteristics on Tl and T2 weighted, and contrast en- 
hanced sequences, air fluid levels can frequently be dif- 
ferentiated (Fig. 10.2). 



10.2.5 
Consolidation 

Consolidation in CF is mainly caused by alveolar filling 
with inflammatory fluid. The visualization of consoli- 
dation in MRI is based on the high T2 weighted signal 
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Fig. 10.1a,b. Transverse MR T2 weighted (HASTE) image (a) 
and corresponding CT image (b) of a 14 years old female with 
CR In both images bronchial wall thickening, bronchiecta- 
sis, peripheral mucus plugging and dorsal consolidations are 



demonstrated. (Reprint with permisson. Altes TA, Eichinger 
M, Puderbach M (2007) Magnetic Resonance Imaging of the 
Lung in Cystic Fibrosis. Proceedings of the American Thoracic 
Society 4:322-325) 




Fig. 10.2. Tl weighted MR images of a 43-year-old CF-patient 
(a) pre- and (b) post contrast media: contrast enhancement. 
The post contrast images demonstrate extensive bronchial wall 
enhancement and permit differentiation of a thickened wall 
from intrabronchial secretions, with intrabronchial fluid hav- 



ing an air fluid level (arrow). (Reprint with permisson. Altes 
TA, Eichinger M, Puderbach M (2007) Magnetic Resonance 
Imaging of the Lung in Cystic Fibrosis. Proceedings of the 
American Thoracic Society 4:322-325) 



from the inflammatory fluid. Comparable to CT, MRI 
is able to visualize air bronchograms as low signal areas 
following the course of the bronchi within the consoli- 
dation (Eibel et al. 2006; Rupprecht et al. 2002). With 
disease progression, complete destruction of lung seg- 
ments or of a complete lung lobe can occur and these 
destructed lung areas have a similar appearance on MRI 
as CT (Fig. 10.3). 



10.2.6 

Mosaic Pattern 

On CT, a mosaic pattern of lung attenuation is a com- 
mon finding in CF patients. This pattern can be ob- 
served on inspiratory scans as areas of relative hyper- 
lucency, which can be due to air trapping or regional 
hypoperfusion (mosaic perfusion). These two entities 
can be distinguished on expiratory CT images since re- 
gions of air trapping will not change significantly in vol- 
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Fig. 10.3. a T2 weighted MR image of the patient shown in 
Fig 10.2 showing lobar destruction of the right upper lobe 
and severe bronchiectasis and wall thickening of the left lobe. 
b MR- Perfusion map of the corresponding lung region show- 
ing large perfusion defects in both upper lobes and an inhomo- 



geneous perfusion in the peripheral lower lobe zones. (Reprint 
with permisson. Altes TA, Eichinger M, Puderbach M (2007) 
Magnetic Resonance Imaging of the Lung in Cystic Fibrosis. 
Proceedings of the American Thoracic Society 4:322-325) 



ume and thus change little in measured CT attenuation. 
Conversely, in areas of hypoperfusion without air trap- 
ping, the lung attenuation will increase with expiration. 
On MRI, the phenomena of air trapping is not typi- 
cally apparent because even normal lung parenchyma 
has a very low signal, and an increase of the air con- 
tent does not cause a detectable decrease in lung paren- 
chymal signal. However, an approach to overcome this 
limitation might be the measurement of Tl relaxation 
times (Stadler et al. 2005). Mosaic perfusion also is 
not typically apparent on routine MR images, but MR- 
perfusion imaging has the potential to overcome this 
limitation (Eichinger et al. 2006). 



Functional Lung MR Imaging 

In addition to visualization of structural changes within 
the lung, MRI can provide functional assessment of 
pulmonary hemodynamics and ventilation. Pulmonary 
perfusion imaging typically requires the administration 
of gadolinium based intravenous contrast. An inhaled 
contrast agent, either oxygen or a hyperpolarized noble 
gas, is required for MR lung ventilation imaging. 



10.3.1 

Pulmonary Perfusion 

In CF, regional ventilatory defects cause changes in re- 
gional lung perfusion due to the reflex of hypoxic va- 
soconstriction or tissue destruction. A variety of MRI 
methods have been employed to assess lung perfusion, 
including methods that rely on the endogenous sig- 
nal from blood (Mai and Berr 1999) and others that 
require the administration of intravenous contrast 
(Hatabu et al. 1996; Levin and Hatabu 2004). Using 
a contrast-enhanced 3D MRI acquisition in 1 1 children 
with CF, it was found that MRI-perfusion defects cor- 
related with the degree of tissue destruction (Fig. 10.3) 
(Eichinger et al. 2006). It is plausible that reversibil- 
ity of perfusion defects after a therapeutic intervention 
might serve as an indicator for response to therapy and 
might differentiate between regions with reversible and 
irreversible disease. 



10.3.2 

Pulmonary Flow Measurements 

Parenchymal destruction can lead to dilatation and 
flow augmentation of bronchial arteries. As bronchial 
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arteries are part of the systemic circulation, they do not 
contribute to blood oxygenation. Thus, a higher flow in 
the bronchial arteries leads to a shunt-volume, which 
can be assessed by MRI-based flow measurements. 
Decreased peak blood flow velocities in the right and 
left pulmonary arteries were found in 10 CF-patients 
as compared with 15 healthy volunteers, and this may 
might represent early development of pulmonary hy- 
pertension in this patient group (Ley et al. 2005). How- 
ever, the clinical significance of the systemic arterial 
shunt volume is not yet known. 



10.3.3 
Oxygen-enhanced MRI 

Gaseous molecular oxygen is weakly paramagnetic and 
serves, if inhaled in high concentrations, as a contrast 
medium inducing a dose-dependent Tl -signal increase 
which can be used to assess lung ventilation (Edelman 
et al. 1996). In a recent study of five CF patients and five 
healthy volunteers, the lungs of the CF patients had an 
inhomogeneous appearance following the inhalation of 
high oxygen concentrations suggesting inhomogeneous 
lung ventilation, presumably due to inhomogeneous 
lung ventilation (Jakob et al. 2004). Since oxygen is sol- 
uble in blood, the oxygen-enhanced MR images depict 
a combination of ventilation and perfusion (Keilholz 
et al. 2008). One of the difficulties with this method is 
that there is a relatively low difference in signal from the 
lung parenchyma with 21% vs 100% inspired oxygen 
concentration. This results in a relatively low signal to 
noise level in the resulting MR oxygen- enhanced im- 
ages. 



10.3.4 

Hyperpolarized Gas MRI 

Hyperpolarized helium- 3 is a gaseous MRI contrast 
agent that, when inhaled, provides a very high MR sig- 
nal from the airspaces of the lung. Hyperpolarized he- 
lium- 3 MRI can be used to obtain information about 
lung function using static spin density imaging (de 
Lange et al. 1999; Kauczor et al. 1996; Woodhouse 
et al. 2005), dynamic spin density imaging (Gast et al. 
2002; Salerno et al. 2001) or oxygen-sensitive ima- 
ging (Eberle et al. 1999; Lehmann et al. 2004). In ad- 
dition, lung structure at the alveolar and distal airway 
level can be assessed using diffusion-weighted imaging 
(Morbach et al. 2005; Salerno et al. 2002). The ma- 
jority of studies investigating the use of hyperpolarized 
helium- 3 MRI in CF have used static spin density im- 



aging. Static spin density imaging, often referred to as 
ventilation imaging, is performed during a breath hold 
following the inhalation of the hyperpolarized helium-3 
gas (Altes et al. 2004). Well ventilated areas of the lung 
receive more helium gas and thus appear brighter than 
poorly ventilated areas of the lung on the MR images. 
Typically, the entire lung volume can be imaged in a 
4-20-s breath hold, but the in plane spatial resolution is 
typically in the order of 3 mm and thus lower than with 
CT. Since children have smaller lungs than adults, the 
breath hold duration is shorter for children, and hyper- 
polarized helium MRI has been successfully performed 
in children as young as 4 years old without sedation 
(Altes etal. 2008). 

The first report of hyperpolarized helium-3 MRI 
in CF found extensive abnormalities of ventilation on 
static spin density images in four subjects with moder- 
ate to severe pulmonary CF and abnormal FEV1 % pre- 
dicted (Donnelly et al. 1999). 

Also, using static spin density imaging, a study of 
31 subjects (16 healthy volunteers and 15 patients with 
CF) found the CF patients had a significantly higher 
number of ventilation defects on helium MRI than the 
normal subjects (Mentore et al. 2005). Even the four 
CF subjects with a normal FEV1 % predicted had sig- 
nificantly higher ventilation defect score than the nor- 
mal subjects, suggesting hyperpolarized gas MRI may 
be more sensitive to ventilation abnormalities than 
spirometry. Moderate correlations between the ventila- 
tion defect score and spirometry were found (Fig. 10.4). 
In this study, eight of the CF patients underwent a ther- 
apeutic intervention first with nebulized albuterol fol- 
lowed by DNase and chest physical therapy. Repeated 
helium-3 MRI after therapy showed changes in the ven- 
tilation defect score. Thus, this study demonstrated the 
feasibility of using hyperpolarized helium-3 MRI as an 
outcome measure in the evaluation of airway clearance 
techniques. 

A recent study of 18 children with CF (age 5 to 17 
years) confirmed that hyperpolarized helium-3 MRI 
can be performed by children with CF and found mod- 
erate to weak correlations between static spin density 
hyperpolarized helium-3 MRI and spirometry or chest 
X-ray (Van Beek et al. 2007). It was the opinion of the 
authors that the weak correlations were the result of a 
greater sensitivity of hyperpolarized helium-3 MRI 
to ventilatory abnormalities than spirometry or chest 
X-ray. Another recent study compared static spin den- 
sity helium-3 MRI with CT in eight adults with CF and 
found a strong correlation between the MRI percent 
ventilation and the Bhalla score (Bhalla et al. 1991) 
from CT (McMahon et al. 2006). Further, the cor- 
relations between hyperpolarized helium-3 MRI and 
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Fig. 10.4. Coronal hyperpolarized helium MR ventilation im- 
ages from a normal subject and three different patients with CR 
The CF patients have more ventilation defects than the normal 
subject, and the number of defects increases with worsening 









FEV1 (% predicted). (Reprint with permisson. Altes TA, Eich- 
inger M, Puderbach M (2007) Magnetic Resonance Imaging 
of the Lung in Cystic Fibrosis. Proceedings of the American 
Thoracic Society 4:322-325) 



spirometry were stronger than those between CT and 
spirometry. Thus, this study suggests that hyperpolar- 
ized helium-3 MRI may represent a safe alternative to 
CT for the evaluation of CF lung disease. 

To date, little work has been done in CF evaluating 
the other mechanisms of contrast possible with hyper- 
polarized helium-3 MRI including dynamic ventilation 
(Koumellis et al. 2005), diffusion weighted, or oxygen 
sensitive imaging. Further, the special equipment re- 
quired to perform hyperpolarized helium-3 MRI is both 
expensive and not yet widely available, and hyperpolar- 
ized helium-3 as a MRI contrast agent has not yet been 
approved by the Food and Drug Administration, so use 
of this technique is currently limited to a few academic 
medical centers. 



Future Directions for MRI in CF 

MRI of the lung is a promising but relatively new field. 
Thus, the majority of studies exploring lung MRI in CF 
have involved small numbers of subjects and have been 
observational, simply describing the imaging findings of 
CF. One of the issues related to using imaging as an end- 
point is that the images themselves are not an endpoint. 
Typically information about the disease in question has 
to be extracted from the images. For example, nodal size 
is an imaging-based endpoint used in assessing meta- 
static disease. With chest CT, a variety of scoring sys- 
tems for CF have been proposed to do just this, reduce 
a large set of images to a single number or small set of 



numbers that characterize the disease severity/activity. 
The development of imaging-based endpoints or scores 
for lung MRI in CF is in its infancy. First the salient im- 
aging features must be determined and a method, based 
on either human scoring or computer based image anal- 
ysis, devised for quantifying these features. For proton 
MRI, methods based on the CT scoring schemes could 
be developed. For the functional lung MRI techniques, 
new analysis methods will need to be developed and 
specifically validated in CF. It has been proposed that to 
validate an endpoint or outcome surrogate, it must be 
shown to be accurate, reproducible, feasible over time, 
biologically plausible, reflect the severity of disease, im- 
prove rapidly with effective treatment, and correlated 
with true clinical outcomes (Brody 2004; Smith et al. 
2003). Of these characteristics, lung MRI is biologically 
plausible and likely feasible over time. Clinical trials are 
required to determine whether endpoints derived from 
any of the lung MRI methods discussed above posses 
the remainder of these characteristics. 
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KEY POINTS 



Since the publication of the Radiologic Diagnostic 
Oncology Group Report (RDOG) in 1991, the clin- 
ical application of pulmonary magnetic resonance 
(MR) imaging to patients with lung cancer has been 
limited. MDCT is much more widely available for 
staging of lung cancer in clinical situations. Cur- 
rently, FDG-PET or PET/CT is the only modality 
that reveals biological glucose metabolism of lung 
cancer, and ventilation and/ or perfusion scintig- 
raphy is the only modality that demonstrates pul- 
monary function. However, recent advances of MR 
systems and utilization of contrast media make it 
possible to overcome the limitation of pulmonary 
MR imaging. Therefore, in the last several years, sev- 
eral investigators have demonstrated the significant 
comprehensive potential of MR imaging to substi- 
tute for MDCT and nuclear medicine examinations 
in lung cancer patients. Currently, MR imaging in 
lung cancer patients can be applied for (1) detec- 
tion of pulmonary nodules; (2) characterization of 
solitary pulmonary nodules; and (3) assessment of 
TNM classification in routine clinical practice. We 
believe that further basic studies, as well as clini- 
cal applications of newer MR techniques, will play 
an important role in the future management of pa- 
tients with lung cancer including MRI. 
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Introduction 

Lung cancers are the most common cause of cancer-re- 
lated death in the Western world, Japan, and South Ko- 
rea. Non-small cell lung carcinoma (NSCLC) accounts 
for approximately 80% of all lung cancers, with small 
cell lung carcinoma (SCLC) accounting for the remain- 
der. Despite major efforts aimed at improving survival 
during recent years, survival remains dismal at 14% for 
all stages. Imaging techniques currently are essential for 
the diagnosis, staging and follow-up of patients with 
lung cancer. The diagnosis of lung cancer has relied on 
findings on chest radiographs (CXRs) and detection of 
cells in sputum or biopsy specimens. Perhaps even more 
important, however, are specific findings on chest com- 
puted tomography (CT) and metabolic information on 
positron emission tomography with 2- [fluorine- 18]- 
fluoro-2-deoxy-D -glucose (FDG-PET) or FDG-PET 
co-registered or integrated with CT (co-registered or 
integrated FDG-PET/CT). Moreover, the staging and 
follow-up of lung cancer have relied more on CT, FDG- 
PET and/or FDG-PET/CT than on chest radiography. 
The goal of diagnosis and management of pulmonary 
nodules is to bring promptly to surgery all patients with 
operable malignant nodules while avoiding unnecessary 
thoracotomy for patients with benign lesions. It is there- 
fore of the utmost importance to differentiate malignant 
from benign nodules in the least invasive manner and to 
make as specific and accurate diagnosis as possible. In 
addition, the preliminary goal of pre-therapeutic assess- 
ment of lung cancers is to avoid unnecessary surgery for 
patients with locally unresectable tumors and/or nodal 
or metastatic disease because the strongest prognostic 
indicator for survival in lung cancer is whether or not 
the tumor is resectable. 

Currently, CT is considered to be the most widely 
applicable modality for evaluation of lung cancer, and a 
major breakthrough in CT technology has been the in- 
troduction of multidetector-row CT (MDCT), in which 
detector rows are exposed simultaneously. The perfor- 
mance of MDCT compared with single -detector CT is 
enhanced by a factor approximately equal to the number 
of rows. In addition, FDG-PET or PET/CT qualifies as 
another important innovation in lung cancer imaging. 
Standard imaging techniques are based on differences 
in the structure of tissues, whereas FDG-PET or PET/ 
CT can show the enhanced glucose metabolism of lung 
cancer cells. For these reasons, MR imaging has been 
utilized for only a few cases, such as superior sulcus 
(Pancoast s) tumor, mediastinal invasion and chest wall 
invasion since 1991, when the Radiologic Diagnostic 



Oncology Group (RDOG) reported no significant dif- 
ference in the diagnostic capability of CT and conven- 
tional Tl -weighted imaging for the staging of lung can- 
cer except for mediastinal invasion (Webb et al. 1991). 
However, recent advances in MR imaging techniques 
and utilization of contrast media have resulted in fur- 
ther improvement of the image quality and diagnostic 
capability of MR imaging for lung cancer patients. 

In this chapter we describe the utility and capability 
of MR imaging for (1) detection of pulmonary nodules, 
(2) characterization and management of pulmonary 
nodules, and (3) assessment of tumor-node-metastasis 
(TNM) stages in lung cancer patients. 



Detection of Pulmonary Nodules 

A pulmonary nodule is radiologically defined as an in- 
traparenchymal lung lesion that is less than 30 mm in 
diameter and is not associated with atelectasis or ad- 
enopathy (Tuddenham 1984). While one in 500 CXRs 
shows a lung nodule, 90% of these nodules are inciden- 
tal radiological findings, detected accidentally on CXRs 
obtained for unrelated diagnostic workups. More than 
150,000 patients per year in the United States present 
their physicians with the diagnostic dilemma of a pul- 
monary nodule. This number has increased even fur- 
ther due to incidental findings of lung nodules on chest 
CT (Tuddenham 1984). The devastating effect of lung 
cancer is directly associated with its delayed presenta- 
tion. Patients with the best prognosis are those with 
stage IA disease, although approximately one half of all 
lung cancers unfortunately show extrathoracic spread 
at the time of diagnosis. Timely and accurate detection 
and diagnosis of the etiology of pulmonary nodules are 
therefore essential for making it possible for patients 
with malignancy to be cured. 

Spiral CT or MDCT can be considered the cur- 
rent gold standard for the detection of lung nodules 
(Davis 1991; Costello 1994; Henschke et al. 2001; 
Schaefer-Prokop and Prokop 2002; Swensen et al. 
2005; Bach et al. 2007). However, repeated follow-up 
CT examinations for detection of pulmonary metasta- 
ses may be undesirable, especially for young patients, 
because of radiation exposure. Although radiation ex- 
posure is usually no major issue for cancer patients and 
low-dose CT techniques have been proved feasible to 
reduce the radiation dose, MR imaging does not require 
any ionizing radiation at all. It would therefore be helpful 
if MR imaging could be used for the detection of pulmo- 
nary nodules without administration of contrast media. 
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Several investigators have addressed this issue by 
using various sequences with 1.5 T and 3.0T scanners 
since 1997. However, patient-related motion artifacts, 
susceptibility artifacts from the lungs and inferior spatial 
and temporal resolution as compared with those of CT 
reduce the quality of MR images of the lungs (Kersjes 
et al. 1997; Vogt et al. 2004; Schroeder et al. 2005; 
Luboldt et al. 2006; Bruegel et al. 2007; Regier et al. 
2007; Yi et al. 2007). All these studies assessed the de- 
tection rate (sensitivity) for pulmonary nodules, mainly 
pulmonary metastases, which was verified by single-he- 
lical CT or MDCT. The sensitivities for nodules equal to 
or less than 5 mm in diameter were reportedly less than 
45%, although various sequences such as electrocardio- 
graph (ECG) -triggered proton density weighted (PDW) 
or T2-weighted turbo spin-echo (SE), ECG-triggered 
PDW black-blood-prepared half-Fourier single-shot 
turbo SE (HASTE), respiratory- triggered T2- weighted 
short-inversion-time inversion recovery (STIR) turbo 
SE, pre- and post-contrast enhanced volumetric interpo- 
lated 3D gradient-echo (VIBE), T2- weighted triple inver- 



sion black blood turbo spin-echo, etc. were tested with 
nodules equal to or more than 5 mm section thickness 
on 1.5 T or 3.0 T scanners (Kersjes et al. 1997; Vogt 
et al. 2004; Schroeder et al. 2005; Luboldt et al. 2006; 
Bruegel et al. 2007; Regier et al. 2007; Yi et al. 2007). 
On the other hand, sensitivities for nodules equal to or 
more than 5 mm and less than 1 1 mm in diameter were 
reportedly between approximately 85% and 95%, and 
those for nodules with a diameter of more than 10 mm 
were more than 95% in these studies (Kersjes et al. 1997; 
Vogt et al. 2004; Schroeder et al. 2005; Luboldt et al. 
2006; Bruegel et al. 2007; Regier et al. 2007; Yi et al. 
2007). Therefore, when considering the various guide- 
lines for management of pulmonary nodules (Kersjes 
et al. 1997; Vogt et al. 2004; Schroeder et al. 2005; 
Luboldt et al. 2006; Bruegel et al. 2007; Regier et al. 
2007; Yi et al. 2007), MR imaging on 1.5 T and 3.0 T may 
have potential for the detection of or screening, with- 
out ionizing radiation exposure, for pulmonary nodules 
which are considered to need further intervention and 
treatment (Figs. 11.1-11.3), (Table 11.1). In addition, 




Fig. Il.la-d. A 71 -year-old female with adenomatous hyperplasia in the right lower lobe. Thin-section CT indicates 
ground-glass attenuation in the right lower lobe (a). Black-blood Tl-weighted turbo SE (b), T2-weighted turbo SE (c) 
and STIR turbo SE (d) images show a nodule as, respectively, low, intermediate and high signal intensity in the right 
lower lobe 
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Fig. 11.2a-e. A 56-year-old female with adenocarcinoma in 
the right lower lobe. Thin-section CT shows a solid nodule in 
the right lower lobe (a). Black-blood Tl -weighted turbo SE 
(b), T2-weighted turbo SE (c) and STIR turbo SE (d) images 
show nodule as, respectively, low, low or intermediate and 
high signal intensity in the right lower lobe. Post-contrast 
black-blood Tl -weighted turbo SE image (e) showed homo- 
geneous enhancement of nodule 
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Fig. 11.3a-e. A 55-year-old male with cryptococosis in 
the left lower lobe. Thin-section CT shows a solid nodule in 
the left lower lobe (a). Black-blood Tl -weighted turbo SE 
(b), T2-weighted turbo SE (c) and STIR turbo SE (d) im- 
ages show nodule as, respectively, low, intermediate or high 
signal intensity in the left lower lobe. Post-contrast black- 
blood Tl -weighted turbo SE image (e) showed homoge- 
neous enhancement of nodule 
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Table 11.1. Recommended MR protocol for nodule detection and characterization 



No. 


Recommended 
sequence 


TR (ms) 


TE 

(ms) 


FA(°) 


Matrix 


Respira- 
tion 


Suggestion 


1 


Pre-contrast-enhanced 

ECG-gatedTlW-SE 

orTSE 


1 <R-R> 


15- 


■25 


N/A 


256 x 


:256 


RTor 


RG 




2 


ECG- and respiratory- 
gated T2W-TSE 


2 or 3 <R-R> 


90- 


■100 


N/A 


256 x 


:256 


RTor 


RG 


ETL should be less than 15 


3 


Respiratory-gated STIR 
TSE 


Up to respiratory 
cycle 


15 




N/A 


256 x 


:256 


RG 




ETL should be less than 5, 
if sequentially- reordered 
phase encoding scheme is 
used 


4 


Dynamic MRI by using 
3D ultra-fast Tl-GRE 


2.4-2.7 


0.6 


-0.7 


20-40 


128 x 


:128 


BH 




Dynamic MR images should 
be obtained every 1.1s after 
contrast media injection 




Dynamic MRI by using 
ECG-gatedTlW-SE 


150-1 <R-R> 


10- 


■15 


N/A 


128 x 
256 x 


128- 
256 


BH 




Dynamic MR images should 
be obtained at 0, 1, 2, 3, 4, 5, 
6 and 8 min after contrast 
media injection 


5 


Post contrast-enhanced 
ECG-gatedTlW-SE 
or TSE 


1 <R-R> 


15- 


■25 


N/A 


256 x 


256 


RTor 


RG 





SE: spin-echo, TSE: turbo spin-echo, GRE: gradient echo, TR: repetition time, TE: echo time, FA: flip angle, RT: respiratory-trigger, 
RG: respiratory-gated, ETL: echo train length 



further improvements of MR systems and sequences can 
be expected to enable pulmonary metastasis surveillance 
and/or lung cancer screening as well as whole-body MR 
screening or staging in the near future. 



Characterization and Management of 
Pulmonary Nodules or Masses on MR Imaging 

Since the pulmonary nodule is one of the most com- 
mon findings on chest radiographs and CT, it is impor- 
tant to differentiate malignant from benign nodules in 
the least invasive way and to make as specific and ac- 
curate diagnosis as possible. Investigators have used 
CT, MR imaging and FDG-PET or PET/CT to evaluate 
the radiological features, relaxation time, blood supply 
and metabolism of pulmonary nodules to differentiate 
malignant from benign nodules with promising results. 
(Table 11.1). 



11.3.1 

Conventional Tl-Weighted and T2-Weighted 

MRI Without and With Contrast Media 

Characterization of the primary tumor on CT and MR 
imaging is based on the imaging features of the nodule 
or mass itself and its relationship to the pleura, chest 
wall, airways, and mediastinum, as well as its relative 
enhancement by contrast media. Historically, non- 
contrast-enhanced MR imaging has shown limited 
potential for characterizing peripheral lung nodules 
and masses and identifying benign nature of nodules 
due to the low intrinsic signal intensity of the lung pa- 
renchyma, the relatively poor spatial resolution and 
patient- related motion artifacts (Caskey et al. 1990; 
Feuerstein et al. 1992; Kono et al. 1993; Kersjes et al. 
1997; McLoud and Swenson 1999). In general, many 
pulmonary nodules, including lung cancers, pulmonary 
metastases and low-grade malignancies such as carci- 
noids and lymphomas are demonstrated as low or inter- 
mediate signal intensities on Tl -weighted images and 
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as slightly high intensity on T2 -weighted images when 
SE or turbo SE sequences are used (Caskey et al. 1990; 
Feuerstein et al. 1992; Kono et al. 1993; Kersjes 
et al. 1997; McLoud and Swensen 1999) (Fig. 11.2). If 
the pulmonary nodule is less than 30 mm in diameter, 
malignant pulmonary nodules within the tumor usu- 
ally how no macroscopic necrosis (Caskey et al. 1990; 
Feuerstein et al. 1992; Kono et al. 1993; Kersjes 
et al. 1997; McLoud and Swensen 1999). Although 
enhancement levels vary due to underlying microscopi- 
cally determined pathologic conditions such as tumor 
angiogenesis, tumor interstitial spaces, the presence or 
absence of fibrosis, and scarring and necrosis within 
the tumor, malignant pulmonary nodules show homo- 
geneous enhancement but at a variety of levels on Tl- 
weighted images after administration of contrast media 
(Caskey et al. 1990; Feuerstein et al. 1992; Kono 
et al. 1993; Kersjes et al. 1997; McLoud and Swensen 
1999). Consequently, when using pre- and post-con- 
trast enhanced conventional Tl -weighted images and 
T2-weighted images, clinicians in routine clinical prac- 
tice often face a diagnostic dilemma in distinguishing 
malignant from benign pulmonary nodules such as or- 
ganizing pneumonia, benign tumors and inflammatory 
nodules (Caskey et al. 1990; Feuerstein et al. 1992; 
Kono et al. 1993; Kersjes et al. 1997; McLoud and 
Swensen 1999) (Figs. 11.2 and 11.3). It has therefore 
been suggested that enhancement patterns or blood 
supply evaluated with dynamic contrast- enhanced MR 
imaging may be helpful for diagnosis and manage- 
ment of pulmonary nodules (Kono et al. 1993; Kusu- 
moto et al. 1994; Hittmair et al. 1995; Guckel et al. 
1996; Fujimoto et al. 2003; Ohno et al. 2002, 2004a; 
Schaefer et al. 2004, 2006; Kono et al. 2007; Donmez 
et al. 2007). However, it may be possible to diagnose 
several histological types of pulmonary nodules, such 
as bronchocele, tuberculoma, mucinous bronchioal- 
veolar carcinoma (BAC), hamartoma and aspergilloma, 
on pre- or post-contrast enhanced Tl -weighted images 
and T2 -weighted image according to their specific MR 
findings. 



11.3.1.1 

Bronchial Atresia and Bronchocele 

Bronchial atresia is a common focal pulmonary lesion, 
which can be diagnosed by using non-contrast enhanced 
Tl- and T2 -weighted images. Bronchial atresia is an un- 
common anomaly characterized by focal obliteration of 
the bronchial lumen and the absence of communication 
between lobar, segmental or subsegmental bronchi and 



the central airway (Meng et al. 1978; Jederlinic et al. 
1987; Finck and Milne 1988; Naidich et al. 1988; 
Bailey et al. 1990; Ko et al. 1998; Matsushima et al. 
2002). Mucus secreted within the patent airways distal 
to the point of atresia accumulates in the form of a plug 
or bronchocele which appears as a pulmonary nodule 
or mass (Finck and Milne 1988; Naidich et al. 1988; 
Bailey et al. 1990; Ko et al. 1998; Matsushima et al. 
2002). The MR image of bronchoceles reportedly ap- 
pears as a branching lesion with high signal intensity 
on Tl- and T2 -weighted images due to the dilated mu- 
cus-filled bronchi and mucocele formation distal to the 
atelectatic segment (Finck and Milne 1988; Naidich 
et al. 1988; Bailey et al. 1990; Ko et al. 1998; Matsu- 
shima et al. 2002) (Fig. 11.4). 



11.3.1.2 
Tuberculoma 

Tuberculomas, observed as well-defined nodules located 
mainly in the upper lobes, may appear after primary or 
reactivated tuberculosis. Calcification occurs in about 
20%-30% of cases (Sochocky 1958). CT yields supe- 
rior visualization of the calcifications and characteris- 
tics of the nodules. In rare cases, areas of diminished 
attenuation are seen, which represent caseous necrosis. 
The latter may be identified as tuberculoma, a nodule 
with a relatively low signal intensity in comparison with 
that of other pulmonary nodules on T2 -weighted SE or 
turbo SE images (Sakai et al. 1992; Kono et al. 1993; 
Kusumoto et al. 1994; Parmar et al. 2000; Chung 
et al. 2000; Schaefer et al. 2006). In addition, several 
investigators have reported on typical MR findings of 
tuberculoma on post-contrast enhanced Tl -weighted 
images known as "thin-rim enhancement" sign (Sakai 
et al. 1992) (Fig. 11.5). Signal intensity at the center of 
tuberculomas is low or slightly enhanced, but the sig- 
nal intensity of the fibrotic rim is markedly enhanced. 
These MR findings correspond well to those of patho- 
logical specimens (Sakai et al. 1992; Kono et al. 1993; 
Kusumoto et al. 1994; Parmar et al. 2000; Chung et al. 
2000; Schaefer et al. 2006). Therefore, when tubercu- 
loma is suspected or attempts are made to distinguish it 
non-invasively from malignant nodules, pre- and post- 
contrast enhanced conventional MR imaging may be 
the most suitable procedure because tuberculoma is one 
of the most well-known diseases that show intense FDG 
uptake and is difficult to distinguish from malignant 
nodules by when FDG-PET or PET/CT is used (Chang 
etal.2006). 
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Fig. 11.4a-d. A 15-year-old female with bronchocele in the right upper lobe. Chest radiograph shows a mass in the right 
upper lung field (a). Contrast enhanced CT shows a mass with water density in the right upper lobe (b). Conventional 
Tl -weighted SE (c) and T2- weighted turbo SE (d) images show the mass as high intensity due to mucus-filled bronchi 
and formation of a mucocele distal to the atelectatic segment, which was diagnosed as a bronchocele 
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Fig. 11.5a-f. A 67-year-old male with tuberculoma in the left lower 
lobe. Thin-section CT shows a solid nodule in the left lower lobe (a). 
Contrast enhanced CT indicates homogeneity but little enhancement 
within the nodule (b). Black-blood Tl -weighted turbo SE (c) and T2- 
weighted turbo SE (d) images show the nodule as, respectively, low 
and intermediate signal intensities in the left lower lobe. Post-con- 
trast black-blood Tl -weighted turbo SE image (e) showed thin-rim 
enhancement, which was diagnosed as tuberculoma. Dynamic MR 
imaging (f) with ultrafast-GRE technique (L to R: t = 0.0 s, t = 8.8 s, 
t = 16.5 s and t = 25.4 s) showed a slightly enhancing nodule in the left 
lower lung field. The nodule is not enhanced in the lung parenchy- 
mal phase (t = 8.8 s) and slightly enhanced in the systemic circulation 
phase (t= 16.5 and 25.4 s) due to low blood supply from bronchial 
circulation 
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11.3.1.3 

Mucinous Bronchioalveolar 

Carcinoma 

Adenocarcinoma of the lung constitutes a histologically 
and biologically heterogeneous group of tumors. Except 
for mucinous BAC, mucin production is seldom a truly 
prominent characteristic of this adenocarcinoma, so 
that there are no significant differences in the MR find- 
ings for adenocarcinoma of the lung and other subtypes 
of lung cancer. Mucinous BAC occasionally presents as 
a solitary pulmonary nodule with low or no uptake of 
contrast media on conventional post-contrast enhanced 
Tl -weighted image, and thus may be difficult to dif- 
ferentiate from other benign nodules such as tubercu- 
loma. However, many mucinous BACs demonstrate one 
of two radiological patterns, consolidation or diffuse 
disease. The consolidation may be segmental or may 
involve an entire lobe, and, with the exception of pul- 
monary vasculature, shows as high signal intensity on 
T2-weighted turbo SE images, which is known as "white 
lung sign" (Fig. 11.6). In addition, intratumoral vessels 
may be detected on contrast-enhanced Tl -weighted 
images (Gaeta et al. 2000, 2001, 2002). 



11.3.1.4 
Hamartoma 

Pulmonary hamartomas, the third most common cause 
of solitary pulmonary nodules, are considered benign 
neoplasms that originate in fibrous connective tissue 
beneath the mucus membrane of the bronchial wall 
(Bateson 1973; Siegelman et al. 1986). A few inves- 
tigators have reported on MR imaging of hamartomas. 
Sakai et al. (1994) found that all hamartomas appeared 
as a signal of intermediate intensity on Tl -weighted SE 
images and as one of high intensity on T2 -weighted SE 
images and four out of six hamartomas had a lobulated 
appearance separated by septa on Tl- or T2- weighted 
SE images. In addition, pulmonary hamartomas patho- 
logically diagnosed as lipomatous hamartoma some- 
times show with high signal intensity on Tl -weighted 
SE and T2-weighted turbo SE images (Yilmaz et al. 
2004). Therefore, when these radiological findings are 
associated with a pulmonary nodule the nodule can 
be suspected of being a hamartoma, and the enhance- 
ment pattern within the nodule should be evaluated on 
post-contrast enhanced Tl -weighted SE images, where 
the regions with less enhancement correspond to core 





Fig. 11.6a-c. A 73-year-old male with mucinous 
bronchioalveolar carcinoma (BAC) in the right middle 
and both lower lobes. Conventional CT shows ground- 
glass attenuation in the right middle and both lower 
lobes (a). Black-blood Tl -weighted turbo SE (b) image 
shows mucinous BAC as low signal intensities. Black- 
blood T2-weighted turbo SE (c) image shows mucino- 
us BAC with high signal intensities. These findings are 
known as "white lung sign" 
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cartilaginous tissue and septa, and areas of marked con- 
trast enhancement correspond to branching cleft-like 
mesenchymal connective tissue that dip into the carti- 
laginous core (Sakai et al. 1994) (Fig. 11.7). 



11.3.1.5 
Aspergilloma 

Saprophytic aspergillosis (aspergilloma) is character- 
ized by Aspergillus infection without tissue invasion. It 
typically leads to conglomeration of intertwined fungal 
hyphae admixed with mucus and cellular debris within 
a pre-existing pulmonary cavity or ectatic bronchus 
(Gefter 1992; Aquino et al. 1994). A typical radio- 
logical finding of aspergilloma is a solid, round or oval 
mass with soft-tissue opacity within a lung cavity. The 



mass is typically separated from the cavity wall by an 
airspace manifesting the so-called "air crescent" sign, 
and is often associated with thickening of the wall and 
adjacent pleura (Gefter 1992; Park et al. 2007). The 
most common underlying causes are healed tuberculo- 
sis, bronchiectasis, bronchial cyst and sarcoidosis. Other 
conditions that occasionally may be associated with 
aspergilloma include bronchogenic cyst, pulmonary 
sequestration, and pneumatoceles secondary to Pneu- 
mocystis carinii pneumonia in patients with acquired 
immunodeficiency syndrome. 

The presence of a cavity within lung cancer is com- 
mon and has been reported in 2%-16% of cases (Fel- 
son and Wiot 1977). In general, lung cancer with 
a cavity typically shows a cavity wall with a thickness 
of more than 4 mm, spiculate or irregular inner and 
outer margins, enlarged lymph nodes, and a soft-tissue 




Fig. 11.7a-d. A 54-year-old male with hamartoma in the left upper lobe. Conventional contrast enhanced CT shows 
lobulated nodule in the left upper lobe (a). Black-blood Tl -weighted turbo SE (b) and T2- weighted (c) images show 
a lobulated nodule as, respectively, low and high signal intensities in the left upper lobe. Post-contrast black-blood Tl- 
weighted turbo SE (d) image shows less enhancement corresponding to core cartilaginous tissue, while areas of marked 
contrast enhancement correspond to cleft-like branching mesenchymal connective tissue 
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nodule or mass due to intracavitary tumorous mural 
regions associated with infiltration of the adjacent tho- 
racic wall. In some cases, however, a lung cancer with 
a cavity may show a thin wall or "air crescent" sign on 
CXR or CT. It is therefore important to distinguish fun- 
gus ball from intracavitary tumorous mural regions by 
the "air crescent" sign in lung cancers with cavities, and 
pre- and post-contrast enhanced conventional Tl- and 
T2-weighted SE or turbo SE images are helpful for this 
purpose. 



Although a cavity may be present within lung can- 
cer a viable lung cancer evidenced as a cavity and/or 
intracavitary mass shows a typical signal intensity pat- 
tern on pre- and post-contrast enhanced conventional 
Tl- and T2-weighted SE or turbo SE images with as 
its characteristics a signal of low or intermediate in- 
tensity on pre-contrast enhanced Tl -weighted images, 
one of intermediate or high intensity on T2 -weighted 
images, and one of high intensity due to intensive and 
homogeneous enhancement on post-contrast enhanced 




Fig. 11.8a-e. A 74-year-old male with squamous cell carcinoma in the left lower lobe. Thin-section CT (a) and sagittal 
reformat (b) show mass with irregularly thickened cavity wall in the left lower lobe. Black-blood Tl -weighted turbo SE (c) 
and T2-weighted (d) images show mass with irregularly thickened cavity wall as, respectively, low and high signal inten- 
sities in the left lower lobe. Post-contrast black-blood Tl -weighted turbo SE (e) image shows well-enhanced cavity wall 
corresponding to lung cancer 
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Tl -weighted images (Ma et al. 1985; van der Heide 
et al. 1985; Zinreich et al. 1988; Herold et al. 1989; 
Fujimoto et al. 1994; Blum et al. 1994) (Fig. 11.8). In 
aspergilloma cases, on the other hand, the signal inten- 
sity of the intracavitary lesion is especially reduced on 
the T2-weighted SE or turbo SE image because of the 
presence of calcium, air, or ferromagnetic elements re- 
sulting from Aspergillus infection (Herold et al. 1989; 
Fujimoto et al. 1994; Blum et al. 1994) (Fig. 11.9). Be- 
cause of the presence of the ferromagnetic elements of 



iron, magnesium, and manganese are essential to the 
metabolism of amino acids by fungi, Fujimoto et al. 
(1994) have suggested that the reduction in signal inten- 
sity on Tl -weighted images and the marked reduction 
on T2 -weighted images are characteristics of aspergil- 
loma as well as mycetomas, and may be useful for differ- 
entiation of aspergilloma from intracavitary tumorous 
mural nodules. 




or m mi *'r- m j 





Fig. 11.9a-e. A 60-year-old male with aspergilloma in 
the left upper lobe. Chest radiograph (a) shows "air cres- 
cent" sign in the left upper lung field. Conventional CT (b) 
shows fungus ball within cavity. Conventional Tl -weight- 
ed SE (c) and T2-weighted turbo SE (d) images on coronal 
plane show intracavitary lesion as, respectively, low and 
very low signal intensities in the left upper lobe. Post-con- 
trast Tl -weighted SE image (e) shows well-enhanced cav- 
ity wall and no enhancement of intracavitary lesion 
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11.3.2 

Dynamic Contrast-enhanced 

MR Imaging of Pulmonary Nodules 

Although in some cases benign or malignant focal le- 
sions can be differentiated from others by using pre- 
and post-contrast enhanced conventional Tl- or T2- 
weighted SE or turbo SE imaging, significant overlaps 
have been observed between benign and malignant 
lesions in routine clinical practice (Kono et al. 1993; 
Kusumoto et al. 1994). To overcome this problem, 
dynamic contrast-enhanced MR imaging has been pro- 
posed as an alternative technique for diagnosis and/or 
management of pulmonary nodules (Table 11.1). As a 
result of advances in MR systems and pulse sequences, 
there are now three major methods for dynamic MR 
imaging of the lung. Many investigators have proposed 
dynamic MR imaging be used for two-dimensional 
(2D) SE or turbo SE sequences or for various types of 
2D or three-dimensional (3D) gradient-echo (GRE) se- 
quences and that enhancement patterns within nodules 
and/or parameters determined from signal intensity- 
time course curves be assessed visually. These curves 
represent first transit and/or recirculation and wash- 
out of contrast media in 5 min or more with repeated 
breath holding (Kono et al. 1993; Kusumoto et al. 
1994; Hittmair et al. 1995; Guckel et al. 1996; Ohno 
et al. 2002, 2004a; Fujimoto et al. 2003; Schaefer et 
al. 2004, 2006; Kono et al. 2007; Donmez et al. 2007). 
Taking into account the inherent inhomogeneous com- 
position of many intraindividual lung cancers and even 
within benign lesions such as central necrosis, only a dy- 
namic contrast-enhanced 3D approach has the chance 
of depicting all underlying histologies. This is impor- 
tant for the primary diagnosis as well as during follow 
up examinations to assure evaluation of the same region 
of interest again. Recently, dynamic contrast enhanced 
MR perfusion imaging has been proposed for quantita- 
tive and qualitative assessment of regional pulmonary 
perfusion abnormalities by using 2D or 3D ultra-fast 
GRE sequences with sharp bolus profiles (Hatabu 
et al. 1996, 1999; Amundsen et al. 1997, 2000; Levin 
et al. 2001; Matsuoka et al. 2001; Ohno et al. 2002, 
2004c, 2005, 2007a, b; Fink et al. 2004). This technique 
allows for directly assessing the first passage of contrast 
media within nodules in less than 35 s within a single 
breath hold and to evaluate blood supply to nodules 
from pulmonary and/or bronchial circulation (Ohno 
et al. 2002, 2004c). It should be noted though that the 
ideal acquisition of contrast enhanced dynamic stud- 
ies of tumor perfusion should not be limited to the first 
pulmonary passage of the contrast agent. Tumors will 
be supplied by systemic, bronchial arteries instead of 



pulmonary arteries. In this case or due to inherent slow 
blood flow within a tumor an examination in a single 
breath hold might not be sufficient in detecting the full 
perfusion cycle of wash-in and wash-out. Examination 
of prolonged wash-out always reveals an underlying 
reperfusion of pulmonary tissue by both pulmonary 
and bronchial arteries. This circumstance has not been 
accounted for in the usual models for quantification of 
tissue perfusion so far. 

Although there are various dynamic MR techniques, 
reported sensitivities range from 94% to 100%, specific- 
ities from 70% to 96%, and accuracies of more than 94% 
(Kono et al. 1993, 2007; Kusumoto et al. 1994; Hitt- 
mair et al. 1995; Guckel et al. 1996; Ohno et al. 2002, 
2004a; Fujimoto et al. 2003; Schaefer et al. 2004, 
2006; Donmez et al. 2007). These specificities and accu- 
racies for dynamic MR imaging are superior to those re- 
ported for dynamic CT, and almost equal to or superior 
to those for FDG-PET or PET/CT (Swensen et al. 1992, 
1996, 2000; Dewan et al. 1993; Kono et al. 1993; Patz 
et al. 1993; Kusumoto et al. 1994; Hittmair et al. 1995; 
Yamashita et al. 1995; Bury et al. 1996; Guckel et al. 
1996; Zhang and Kono 1997; Ohno et al. 2002, 2004a; 
Fujimoto et al. 2003; Herder et al. 2004; Schaefer 
et al. 2004, 2006; Yi et al. 2004, 2006; Jeong et al. 2005; 
Joshi et al. 2005; Mori et al. 2005; Bryant and Cer- 
folio 2006; Christensen et al. 2006; Donmez et al. 
2007; Kim et al. 2007; Kono et al. 2007; Lee et al. 2007). 
Therefore, dynamic contrast- enhanced MR imaging 
may perform a complementary role in the diagnosis of 
pulmonary nodules assessed with FDG-PET or PET/ 
CT. Although these results are highly promising further 
research in this field may be necessary in the light of 
recently published data regarding the MR signal depen- 
dency in perfusion studies on the contrast agent con- 
centration. As quantification of perfusion parameters is 
dependent on an almost linear relationship of signal to 
concentration great care has to be taken regarding the 
dosage and application of contrast agents (Puderbach 
et al. 2008). 

Although differentiation of malignant from benign 
pulmonary nodules by means of dynamic MDCT, dy- 
namic MRI and PET or PET/CT with FDG has been 
tried in several studies, accurate separation of active 
infectious nodules from malignant neoplasms on the 
basis of dynamic CT and MR parameters and uptakes 
of FDG can be extremely difficult in view of the under- 
lying pharmacokinetical, pathological and biological 
properties of malignant neoplasms and active infectious 
nodules. In addition, when considering the manage- 
ment of pulmonary nodules in clinical practice, it may 
be helpful to differentiate pulmonary nodules requiring 
further intervention and treatment (low or high grade 



Lung Cancer 193 




Fig. ll.lOa-c. A 57-year-old female with adenocarcinoma 
with mixed subtype. Thin-section CT (a) and coronal reformat 
(b) show partly solid nodule in the right upper lobe. Dynamic 
MR imaging (c) with ultra-fast GRE technique (L to R: t = 0.0 s, 
t = 8.8 s, t= 11.0 s and t = 25.4 s) shows well-enhanced nodule 



{arrow) in the right upper lung field. The nodule was not en- 
hanced in the lung parenchymal phase (t = 8.8 s) and well en- 
hanced in the systemic circulation phase (t = 11.0 and 25.4 s) 
due to enhanced blood supply from bronchial circulation 



malignant tumors and active infectious nodules) from 
pulmonary nodules requiring no further evaluation 
(benign tumors and chronic infectious nodules) rather 
than to differentiate between malignant nodules and 
other nodules. For this latter differentiation, ultra-fast 
dynamic MR imaging can divide all nodules into the 
two categories (Figs. 11.5 and 11.10) (Ohno et al. 2002). 
This means that it may be better to use dynamic MR 
imaging in a complementary role to CT and FDG-PET 
or PET/CT to determine whether further intervention 
and treatment are indicated rather than to differentiate 
pulmonary nodules into malignant nodules and other 
nodules in routine clinical practice. 

On the other hand, the results of several compara- 
tive studies of findings obtained with dynamic MR 
parameters and with immuno-histopathological ex- 
amination of small peripheral lung cancers, the for- 
mer showed good correlation with tumor angiogenesis 
(Fujimoto et al. 2003; Schaefer et al. 2006), and the 
potential for more accurate differentiation of subtypes 
of small peripheral adenocarcinomas than is possible 
with thin-section CT, or for prognosis both before and 



after treatment (Fujimoto et al. 2003; Ohno et al. 2005; 
Schaefer et al. 2006). 

Moreover, ultra-fast 3D dynamic MR data can also 
be used for the prediction of postoperative lung func- 
tion for non-small cell lung cancer patients (Ohno 
et al. 2004b, 2007b). The semi- quantitative regional 
perfusion obtained from ultra-fast dynamic MR imag- 
ing shows good correlation with that assessed by per- 
fusion scintigraphy, with a reported limit of agreement 
of ± 6%, which is insignificant enough to make ultra- 
fast dynamic MR imaging suitable for clinical pur- 
poses (Ohno et al. 2004b). Moreover, the prediction 
of postoperative lung function derived from dynamic 
MR imaging was more accurate than that derived from 
perfusion scintigraphy, single photon emission tomog- 
raphy (SPECT) or qualitatively assessed MDCT, which 
is predicted postoperative lung function from preop- 
erative lung function and the number of lung segments 
in the total and resected lung evaluated by pulmonary 
surgeons, and the predictive accuracy is almost equal 
to that obtained with quantitatively assessed MDCT 
based on density- masked CT technique (Ohno et al. 
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Table 11.2. Stage grouping of lung cancer 



Overall stage 


T stage 


N stage 


M stage 


Occult carcinoma 


Tx 


NO 


MO 


Stage 


Tis (in situ) 


NO 


MO 


Stage IA 


Tl 


NO 


MO 


Stage IB 


T2 


NO 


MO 


Stage IIA 


Tl 


Nl 


MO 


Stage IIB 


T2 


Nl 


MO 


T3 


NO 


MO 


Stage IIIA 


TlorT2 


N2 


MO 


T3 


NlorN2 


MO 


Stage IIIB 


AnyT 


N3 


MO 


T4 


AnyN 


MO 


Stage IV 


AnyT 


AnyN 


Ml 



Table 11.3. T classification - primary tumor 

Primary tumor cannot be assessed, or tumor proven by the presence of malignant cells in sputum or bronchial 
washings but not visualized by imaging or bronchoscopy 

No evidence of primary tumor 

Carcinoma in situ 

Tumor 3 cm or less in greatest dimension, surrounded by lung or visceral pleura, without bronchoscopic 
evidence of invasion more proximal than the lobar bronchus (i.e., not in the main bronchus) 3 

Tumor with any of the following features of size or extent 

x More than 3 cm in greatest dimension 

: Involves main bronchus, 2 cm or more distal to the carina 

x Invades visceral pleura 

x Associated with atelectasis or obstructive pneumonitis that extends to the hilar 
region but does not involve the entire lung 

Tumor of any size that directly invades any of the following: chest wall (including superior sulcus tumors), diaphragm, 
mediastinal pleura, parietal pericardium; or tumor in the main bronchus less than 2 cm distal to the carina but with 
involvement of the carina; or associated atelectasis or obstructive pneumonitis of the entire lung 

Tumor of any size that invades any of the following: mediastinum, heart, great vessels, trachea, esophagus , vertebra 
body, carina; separate tumor nodule(s) in the same lobe; tumor with malignant pleural effusion b 

a The uncommon superficially spreading tumor of any size with its invasive component limited to the bronchial wall, which may 
extend proximal to the main bronchus, is classified as Tl 

b Most pleural effusions associated with lung cancer are due to tumor. In a few patients, however, multiple cytopathological ex- 
aminations of pleural fluid are negative for tumor, and the fluid is non-bloody and is not an exudate. Where these elements and 
clinical judgment dictate that the effusion is not related to the tumor, the effusion should be excluded as a staging element and the 
patient should be classified as Tl, T2 or T3 
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Table 11.4. N classification - regional lymph nodes 

Regional lymph nodes cannot be assessed 

No regional lymph node metastasis 

Metastasis in ipsilateral peribronchial and/or ipsila- 
teral hilar lymph nodes and intrapulmonary lymph 
nodes, including involvement by direct extension 

Metastasis in ipsilateral mediastinal, and/or subcari- 
nal lymph node(s) 

Metastasis in contralateral mediastinal, contralateral 
hilar, ipsilateral or contralateral scalene, or supraclavi- 
cular lymph node(s) 



Table 11.5. M classification - distant metastasis 

Distant metastasis cannot be assessed 

No distant metastasis 

Distant metastasis includes separate tumor nodule(s) 
in a different lobe (ipsilateral or contralateral) 



2007b). Dynamic MR imaging may therefore be use- 
ful not only for the characterization of pulmonary nod- 
ules, but prediction of postoperative lung function may 
also assist the management of pulmonary nodules, in- 
cluding determination of whether further intervention 
and treatment and/or operability are indicated for lung 
cancer patients. 



Assessment of TNM Stages 

The international TNM classification proposed by the 
International Union against Cancer (UICC) has been 
widely used in the investigation and treatment of lung 
cancer (Tables 11.2-11.5), and shows that survival rates 
have improved with more accurate staging and more 
accurate differentiation between those patients who 
are candidates for surgical resection and those who 
are judged to be inoperable but would benefit from 
chemotherapy, radiotherapy, or both (Sobin and Wit- 
tekind 2002). Therefore, accurate radiological staging 
may affect the management as well as the prognosis 
of patients. However, only approximately one-half of 
the TNM stages determined with CT systems in the 
past have agreed with operative staging, with patients 
being both under- and over- staged (Lewis et al. 1990; 
Gdeedo et al. 1997). 

Currently, newly developed MDCT systems, FDG- 
PET or PET/CT, are considered useful for precise as- 
sessment of tumor extent because of their multipla- 
nar capability and for accurate diagnosis of metastatic 
lymph nodes by analyzing the glucose metabolism of 



cancer cells in lung cancer patients. However, since 
1991 it has been suggested that MR imaging, with its 
multiplanar capability and better contrast resolution of 
tumor and mediastinum or of tumor and chest wall or 
both than that of CT, may also be useful, but only for 
the assessment of mediastinal and chest wall invasions 
and determination of the short axis diameter of certain 
mediastinal lymph nodes (Webb et al. 1991). How- 
ever, recent advancements in MR systems, improved or 
newly developed pulse sequences and/or utilization of 
contrast media has resulted in improved diagnosis of 
TNM staging for lung cancer patients (Table 1 1.6). 



11.4.1 

MR Assessment of T Classification 

T classification is the descriptor given to the primary 
tumor and its local extent (Sobin and Wittekind 
2002). The definitions are given in Table 1 1.3. While the 
T factor is subdivided into four groups, the distinction 
between T3 and T4 tumors is critical because it rep- 
resents the dividing line between conventional surgi- 
cal and non- surgical management for NSCLC patients 
(Armstrong 2000). It is therefore more important to 
distinguish T3 from T4 tumors than to differentiate Tl 
and T2 tumors and determine nodal staging. For this 
reason, MR imaging may be helpful for assessment of 
mediastinal invasion, chest wall invasion and distin- 
guishing primary tumors from secondary changes such 
as atelectasis or obstructive pneumonia, although it may 
be difficult to distinguish simple extension of the tumor 
into the mediastinal pleura or pericardium (T3) from 
actual invasion (T4). 
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Table 11.6. Recommended MR protocol for lung cancer staging 



No. 


Recommended sequence 


TR (ms) 


TE (ms) 


FA(°) 


Matrix 


Respiration 


Suggestion 


1 


Pre-contrast-enhanced ECG- 
gatedTlW-SEorTSE 


1 <R-R> 


15-25 


N/A 


256x256 


RTor 


RG 




2 


ECG- and respiratory-gated 
T2W-TSE 


2 or 3 <R-R> 


90-100 


N/A 


256x256 


RTor 


RG 


ETL should be less 
than 15 


3 


Respiratory-gated STIR TSE 


Up to respira- 
tory cycle 


15 


N/A 


256x256 


RG 




ETL should be less 
than 5, if sequen- 
tially-reordered 
phase encoding 
scheme is used 


4 


ECG-gated contrast-enhanced 
MR angiography 


5.7 


1.9 


20 


256x128- 
256 


BH 




k-space segmen- 
tation should be 
adapted 




Time-resolved contrast-en- 
hanced MR angiography 


4.0 


1.2 


20-30 


512x333 


BH 




Temporal resolu- 
tion should be less 
than 4 s 


5 


Post contrast-enhanced ECG- 
gated T1W-SE or TSE 


1 <R-R> 


15-25 


N/A 


256x256 


RTor 


RG 





SE: spin-echo, TSE: turbo spin-echo, GRE: gradient echo, TR: repetition time, TE: echo time, FA: flip angle, RT: respiratory-trigger, 
RG: respiratory-gated, ETL: echo train length 



11.4.1.1 

Mediastinal Invasion 

Many surgeons consider minimal invasion of mediasti- 
nal fat as resectable (Quint and Francis 1999), so that 
clinicians want to know whether minimal mediastinal 
invasion (T3 disease) or actual invasion (T4 disease) has 
occurred before considering surgical resection. The accu- 
racy of CT for evaluating hilar and mediastinal invasion 
of lung cancer has been investigated extensively over the 
last two decades. Sensitivity for assessment of mediasti- 
nal invasion by single detector computed tomography 
with or without the use of helical scanning ranged from 
40% to 84% and specificity from 57% to 94% (Baron 
et al. 1982; Martini et al. 1985; Quint et al. 1987, 1995; 
Rendina et al. 1987; Glazer et al. 1989; Herman et al. 
1994; White et al. 1994; Takahashi et al. 1997). 

The RDOG study compared CT with MR imaging 
for 170 patients with non-small cell lung cancer, al- 
though only Tl -weighted images obtained without the 
use of cardiac or respiratory gating techniques were as- 
sessed in this study (Webb et al. 1991). Although there 
was no significant difference between the sensitivity 
(63% and 56% for CT and MR imaging, respectively) 
and the specificity (84% and 80%) for distinguishing be- 



tween T3-T4 tumors and T1-T2 tumors in this study, 
the RDOG reported that 11 patients showed mediasti- 
nal invasion and that the superior contrast resolution 
of MR imaging conferred a slight but statistically sig- 
nificant advantage over CT for accurate diagnosis of 
mediastinal invasion. In addition, delineation of tumor 
invasion of pericardium (T3) or heart (T4) was supe- 
rior on MR imaging compared with CT scan when the 
cardiac-gated Tl -weighted sequence was used for im- 
proved avoidance of cardiac motion artifacts (White 
1996). The normal pericardium has low signal intensity. 
Direct invasion of the cardiac chambers is readily dem- 
onstrated on Tl -weighted images, because blood flow- 
ing through the cardiac chambers is signal void, so that 
the tumor is conspicuous because of its higher signal 
intensity. However, the accuracy of minimal mediasti- 
nal invasion assessment by both CT scanning and MR 
imaging is limited because it depends on visualization 
of the tumor within the mediastinal fat (Wong et al. 
1999). In contrast to the assessment of mediastinal inva- 
sion, Mayr et al. (1987) found CT scanning to be more 
accurate than MR imaging in visualizing and assessing 
both normal and abnormal airways. They evaluated 319 
normal and 79 abnormal bronchoscopically visualized 
bronchi. Their study found that CT scanning was accu- 
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rate in all cases, whereas MR imaging correctly identi- 
fied only 45% of normal bronchi and 72% of abnormal 
bronchi (Magdeleinat et al. 2001). This discrepancy 
can be attributed both to the higher spatial resolution 
of CT scanning and to the low intrinsic MR imaging 
signal of air. Therefore, the relationship of lung cancer 
to central endobronchial extension is more accurately 
demonstrated on CT scans. 

Recent advancement in MR systems, improved 
pulse sequences and utilization of contrast media have 
resulted in the introduction of new MR imaging tech- 
niques for assessment of mediastinal invasion of lung 
cancer. Contrast-enhanced MR angiography has been 
used for assessment of cardiovascular or mediastinal 
invasions (Takahashi K et al. 2000; Ohno et al. 2001). 
Ohno et al. (2001) described a series of 50 NSCLC pa- 
tients with suspected mediastinal and hilar invasion 
of lung cancer visualized with contrast- enhanced CT 



scans, cardiac-gated MR imaging, and non-cardiac- and 
cardiac-gated contrast-enhanced MR angiographies 
(Fig. 11.11). In this study, sensitivities, specificities and 
accuracies of both contrast-enhanced MR angiography 
ranged from 78% to 90%, 73% to 87%, and 75% to 88%, 
respectively. These values were higher than those of 
contrast- enhanced single helical CT and conventional 
Tl -weighted imaging (Ohno et al. 2001). Thus, con- 
trast-enhanced MR angiography is thought to improve 
the diagnostic capability of MR imaging for mediastinal 
and hilar invasion. 

In 2005, another new technique, cine MR imag- 
ing obtained with a steady-state free precession (SSFP) 
sequence was introduced as useful for evaluation of 
cardiovascular invasion in patients with thoracic mass 
(Seo et al. 2005). In this study, as well as previous elec- 
tron beam CT or traditional cine MR studies (Murata 
et al. 1994; Sakai et al. 1997), the assessment of sliding 




Fig. Il.lla-d. A 68-year-old female with squamous cell carcinoma in the left upper lobe. Con- 
trast enhanced thin- section CT (a) suggests invasion to pulmonary vein and mediastinum, while 
conventional Tl -weighted image (b) on coronal plane suggests invasion to pulmonary artery and 
mediastinum (arrow). Contrast-enhanced MR angiography (c) clearly shows invasion to pulmo- 
nary artery and vein, but not mediastinal invasion due to visualization of mediastinal fat between 
pulmonary artery and pulmonary vein as a black area. Macroscopical finding of the resected left 
upper lobe (d) shows invasion to left pulmonary artery (arrow) and left superior pulmonary vein 
(large arrow), but not mediastinal invasion 
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Fig. 11.12a-d. A 61 -year-old male with squamous cell carcinoma in the right upper lobe. Contrast enhanced CT 
(a) suggests mediastinal invasion, while contrast enhanced coronal reformat (b) clearly demonstrates mediastinal 
invasion. Black-blood Tl -weighted images on axial (c) and coronal (d) planes also clearly demonstrate invasion to 
superior venous cava and mediastinum 



motions between thoracic masses and adjacent medi- 
astinal structure demonstrated a very high diagnostic 
capability (sensitivity: 100%, specificity: 92.9%, accu- 
racy: 94.4%) (Seo et al. 2005). However, only 9 of 26 
lung cancer patients were included in this study since 
the others had mediastinal tumors. Further investiga- 
tion thus seems to be warranted to determine the actual 
diagnostic capability of cine MR imaging for mediasti- 
nal invasion in NSCLC patients. 

In addition, MDCT has been widely utilized during 
the past five years or so for routine clinical practice, and 
it was found that thin-section multiplanar reformatted 
(MPR) imaging from thin-section volumetric MDCT 
data was useful for the evaluation of T classification due 
to its multiplanar capability (Higashino et al. 2005). 
Higashino et al. (2005) suggested that mediastinal in- 
vasion that can be assessed from thin-section coronal 



MPR images with 1 mm section thickness with greater 
sensitivity, specificity and accuracy than can be achieved 
with routine MDCT with 5 mm section thickness, and 
with slightly better specificity and accuracy than with 
thin-section axial MDCT with 1 mm section thickness. 
Although MR imaging is considered to show superior 
tissue contrast to that of MDCT, the similar multipla- 
nar capability, faster scan time and better spatial resolu- 
tion of thin-section MDCT may result in better assess- 
ment of mediastinal invasion in NSCLC patients than 
by previously described MR techniques (Fig. 11.12). 
Further investigations as well as comparative studies of 
thin-section MDCT and previously described or newly 
developed MR imaging techniques thus seem to be war- 
ranted to determine the actual significance of MR im- 
aging for assessment of mediastinal invasion in routine 
clinical practice. 
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11.4.1.2 

Distinguishing Lung Cancer 

from Secondary Change 

Distinguishing primary lung cancer from secondary 
change is important for assessment of tumor extent 
and the therapeutic effect of chemotherapy and/or ra- 
diotherapy While the therapeutic effect of conservative 
therapy has been assessed by using World Health Or- 
ganization (WHO) criteria or response evaluation cri- 
teria in solid tumors (RECIST) (World Health Or- 
ganization 1979; Therasse et al. 2000), it would be 
difficult to use CXR or plain or contrast- enhanced CT 
to evaluate tumor extent or therapeutic effect for cases 
with atelectasis or obstructive pneumonia. 

MR imaging, on the other hand, has potential for 
distinguishing lung cancer from secondary change due 
to atelectasis or pneumonitis (Kono et al. 1993). In 
some cases, it can be difficult to distinguish lung can- 
cer from post-obstructive atelectasis or pneumonitis 
because these secondary changes tend to be enhanced 
to a similar degree as the central tumor on contrast- 
enhanced CT scan. On T2 -weighted MR imaging, how- 
ever, post- obstructive atelectasis and pneumonitis often 
show higher signal intensity than does the central tu- 
mor. Bourgounin et al. (1991) evaluated the histologi- 
cal findings of obstructive pneumonitis or atelectasis in 



patients who had undergone surgical resection of lung 
cancer and had been evaluated preoperatively with MR 
imaging. They found that cholesterol pneumonitis and 
mucus plugs displayed higher signal intensity than the 
tumor on T2 -weighted images, while atelectasis and 
organizing pneumonitis were isointense to the tumor. 
Kono et al. (1993) described a series of 27 patients with 
central lung cancer associated with atelectasis or ob- 
structive pneumonitis (Fig. 11.13). These patients were 
examined with post-contrast enhanced Tl -weighted 
MR imaging and the central tumor could be differen- 
tiated from adjacent lung parenchymal disease in 23 
out of 27 patients (85%). The tumor was of lower sig- 
nal intensity than the adjacent lung disease in 18 cases 
(67%) and of higher signal intensity in 5 (18%). These 
differences in signal intensity between primary tumor 
and secondary change were considered to be due to the 
presence of invasion of pulmonary vasculatures. There- 
fore, the use of T2-weighted or post-contrast enhanced 
Tl -weighted images for assessment of tumor size and 
secondary change may be helpful for precise evaluation 
of tumor extent at the initial staging and for accurate 
prognosis for patients and assessment of therapeutic ef- 
fect after conservative therapy and/or for comparative 
studies of standard and new chemo- and/or radiother- 
apy regimens (Ohno et al. 2000). 




Fig. 11.13a-e. A 59-year-old male with adenocarcinoma. Thin- 
section CT (a) shows atelectasis in the right middle and lower 
lobe. Contrast enhanced thin-section CT (b) shows homoge- 
neously enhanced ateletasis and pleural effusion, but the extentof 
the tumor cannot be determined. Black-blood Tl -weighted (c) 
and T2- weighted (d) see next page 
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Fig. 11.13a-e. (continued) images show atelectasis and the tumor as, respectively, low and intermediate signal intensity. 
Mediastinal invasion is suspected, while pleural effusion is clearly seen. Post-contrast black-blood Tl -weighted image (e) 
clearly shows the extent of lung cancer and secondary change (arrow) 



11.4.1.3 

Chest Wall Invasion 

Chest wall invasion used to be considered a contrain- 
dication for surgical excision of lung cancer, but recent 
surgical advances have made chest wall excision feasible 
for the treatment of locally aggressive lung cancer and 
giving patients a better chance of survival (Magde- 
leinat et al. 2001). Preoperative visualization of chest 
wall invasion may therefore be helpful for surgical plan- 
ning. On conventional CT scan, rib destruction is the 
only reliable sign of chest wall invasion since soft tissue 
masses in the chest wall correlate statistically with chest 
wall invasion. However, they are not reliable indicators 
for an individual patient, so that focal chest pain may 
still be the most reliable indicator of chest wall invasion. 
In fact, the reliability of conventional CT assessment of 
chest wall invasion in lung cancer patients varies widely 
with reported sensitivities ranging from 38% to 87% 
and specificities from 40% to 90% (Quint and Francis 
1999). In addition to the technique of inducing artificial 
pneumothorax described elsewhere (Watanabe et al. 
1991; Yokoi et al. 1991), Murata et al. (1994) reported 
that dynamic expiratory multi-section CT reviewed as 
a cine loop was 100% accurate for identification of both 
chest wall and mediastinal invasion. 

Another study has suggested that ultrasound (US) is 
an effective technique for diagnosis of chest wall inva- 
sion (Suzuki et al. 1993). In this study, 120 lung cancer 
patients were examined, in 19 of whom invasion was 
pathologically proved. Sensitivity, specificity and accu- 
racy of US were 100%, 98%, and 98%, respectively, while 
the corresponding values for conventional CT used in 
the same study were only 68%, 66%, and 67% (Suzuki 



et al. 1993). Therefore, US is also considered useful for 
assessment of chest wall invasion by some chest physi- 
cians, although the diagnostic capability of US depends 
on the experience and technical capability of the clini- 
cian. 

Because of its multiplanar capability and better tissue 
contrast resolution compared to CT, MR imaging has 
also been advocated as effective for assessment of chest 
wall invasion (Rapoport et al. 1988; Heel an et al. 
1989; Webb et al. 1991; Padovani et al. 1993; Bonomo 
et al. 1996). Sagittal and coronal plane images are bet- 
ter than axial CT images for displaying the anatomical 
relationship between tumor and chest wall structures 
(Bonomo et al. 1996; Freundlich et al. 1996). MR im- 
aging shows infiltration or disruption of the normal ex- 
tra pleural fat plane on Tl -weighted images or parietal 
pleural signal hyper intensity on T2 -weighted images 
(Fig. 11.14). In addition, when STIR turbo SE imaging 
is used for this purpose, it can demonstrate lung can- 
cer as high signal intensity within the suppressed signal 
intensities of chest wall structures, enabling clinicians 
to easily determine the tumor extent within chest wall 
(Fig. 11.14c). Moreover, Padovani et al. (1993) have 
suggested that the diagnostic yield can be further im- 
proved by intravenous administration of contrast me- 
dia. In addition, superior sulcus or Pancoast tumors 
are good candidates for the demonstration of chest wall 
invasion on MR imaging. Since superior sulcus tumors 
occur in close proximity to the lung apex, their imaging 
has to include an evaluation of the relationship between 
the tumor and the brachial plexus, subclavian artery 
and vein, and adjacent chest wall. The axial scan plane 
of a CT scan is suboptimal for examining the lung apex 
where superior sulcus tumors are located, while direct 
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Fig. 11.14a-c. A 71-year-old male with ad- 
enocarcinoma in the right upper lobe. Contrast 
enhanced thin-section CT (a) and conventional 
Tl -weighted SE (b) images suggest chest wall 
invasion. STIR turbo SE (c) image also clearly 
shows chest wall invasion and tumor extent 



sagittal and coronal MR images are superior to CT for 
evaluating the local extent of disease in patients with 
superior sulcus tumors (Rapoport et al. 1988; Hee- 
lan et al. 1989; Webb et al. 1991; Padovani et al. 1993; 
Bonomo et al. 1996; Freundlich et al. 1996). Heelan 
et al. (1989) examined a series of 31 patients with supe- 
rior sulcus tumors imaged with both CT and MR, and 
found that MR imaging showed 94% correlation with 
surgical and clinical findings, whereas the CT scans had 
an accuracy of only 63% for evaluating tumor invasion 
through the superior sulcus. 

Sakai et al. (1997) used dynamic cine MR imag- 
ing during breathing rather than static MR imaging for 
evaluating chest wall invasion in lung cancer patients. 
This study evaluated the movement of the tumor along 
the parietal pleura during the respiratory cycle displayed 
with a cine loop in a manner similar to dynamic expi- 
ratory multi-section CT (Murata et al. 1994). Where 
the tumor had invaded the chest wall, it was fixed to the 
chest wall, while without invasion, the tumor was seen 
to move freely along the parietal pleura. In this study, 
the sensitivity, specificity, and accuracy of dynamic 
cine MR imaging for the detection of chest wall inva- 
sion were 100%, 70%, and 76%, respectively, and those 
of conventional CT and MR imaging were 80%, 65%, 
and 68% (Sakai et al. 1997). Of special significance is 



that the negative predictive value of dynamic cine MR 
imaging in this study was 100% without any need for 
ionizing radiation exposure. Dynamic cine MR imag- 
ing, when used in conjunction with static MR imaging, 
is therefore considered useful for further improvements 
of the assessment of chest wall invasion in lung cancer 
patients. 

Currently, multiplanar capability, faster scan time 
and better spatial resolution of thin-section MDCT 
images may improve the diagnostic capability of CT 
for evaluation of chest wall invasion in NSCLC pa- 
tients similar to that of mediastinal invasion. MR imag- 
ing is still considered to have superior tissue contrast 
compared with MDCT. Higashino et al. (2005) also 
reported that thin-section sagittal MPR imaging with 
1 mm section thickness could significantly improve di- 
agnostic accuracy for chest wall invasion in comparison 
with routine MDCT with 5 mm section thickness, and 
showed slightly better diagnostic capability than thin- 
section MDCT with 1 mm section thickness. Therefore, 
further investigations as well as comparative studies of 
thin-section MDCT imaging and MR imaging used as 
described here, or of newly developed techniques will 
be needed to determine the actual significance of MR 
imaging for assessment of chest wall invasion in routine 
clinical practice. 
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11.4.1.4 

MR Assessment 

of Respiratory Tumor Motion 

The general objective of radiotherapy is to achieve tumor 
control by depositing a lethal dose in the target volume 
including potential microscopic spread of cancer cells, 
while sparing surrounding organs and tissue as best as 
possible. Therefore, precise localization of the target 
volume is needed. Actually, the recent advances in ra- 
diotherapy, including intensity modulated radiotherapy, 
adaptive radiotherapy as well as image guided radiother- 
apy allows for strong improvement of the accuracy of ir- 
radiation treatment. However, patient motion and espe- 
cially respiratory motion has become a major obstacle 
for achieving high precision radiotherapy. Currently, in 
classic radiotherapy for lung tumors, such motion is ac- 
counted for with a generic target volume expansion, not 
considering the individual patient breathing character- 
istics and the mobility of the individual tumor. However, 
it has been widely recognized that the motion pattern of 
lung tumors and the breathing cycles vary greatly among 
patients. This empiric approach includes all surrounding 
healthy tissues that pass the planned target volume at 
any time of the breathing cycle to create a safety margin. 
Within this margin even the additional normal tissues 
will be irradiated unnecessarily, causing tissue damage 
or limiting the dose delivered to the target. Therefore it 
is attractive to define an individual treatment plan by 
limiting the irradiated volume to certain positions of the 
tumor on its path during respiration (gated technique) 
or to follow its respiratory movement (tracking tech- 
niques) (Li et al. 2008). Hence, the ultimate objective 
for radiotherapy of moving targets is to localize precisely 
the target in space and time in order to achieve a higher 
dose to be applied to the target while the maximum dose 
to the normal tissue is reduced, particularly for crit- 
ical adjacent organs at risk. The better the delineation 
between target and normal tissue the lower the probabil- 
ity of complications and the higher the chance for tumor 
control eventually enhanced by the possibility to even 
increase tumor control by delivering an additional radi- 
ation dose solely to the target. For dedicated treatment 
planning, respiratory-gated four- dimensional (4D) MRI 
could be used to exactly define tumor size and its three- 
dimensional displacement during respiration in a single 
examination. The fourth dimension beyond the 3D 
space is time, in which patient motion and the change 
of the position of the tumor will be recorded. Ideally, 4D 
MRI would not only encode tumor and organ motion 
information, but also provide time resolved 3D data sets 
with reduced motion artifacts. 



Numerous MR-based investigations of lung and tu- 
mor motion in the literature have been limited to exam- 
ining the motion in a single plane or in a small number 
of orthogonal planes through the tumor. Two non-co- 
planar image views provided critical motion charac- 
terization, while the most significant displacement was 
in the cranial- caudal direction (Shimizu et al. 2000). 
For this purpose, the MR sequences derived from car- 
diac imaging have been adapted for respiratory motion 
analysis. These sequences were compared, demonstrat- 
ing that fast imaging with a free precession steady- state 
gradient- echo provided significantly higher SNR than 
any fast low angle shot technique, while the latter had an 
advantage in higher temporal resolution. 

The correlation between external fiducial markers 
(coils) and the internal organ motion was also studied 
using single-slice 4D MRI (Plathow et al. 2005). The 
correlation coefficients in the three orthogonal direc- 
tions for different breathing types (thoracic or abdomi- 
nal) were about 0.8, similar in magnitude to 4D CT. This 
quantitative information indicates that external fidu- 
cial markers might be satisfactory for predicting organ 
motion. 

Volumetric 4D MR imaging was not possible before 
the recent introduction of multi-channel parallel detec- 
tion systems. Parallel acquisition improves the perfor- 
mance of MR imaging by over an order of magnitude 
compared to single -channel MR systems. The signal to 
noise ratio (SNR) is usually degraded when using multi- 
element coils for multichannel imaging. Consequently, 
some of the gain in acceleration is sacrificed in order to 
maintain image quality. Compared with single-slice im- 
aging, which requires multiple slice directions to view 
the critical motions of the moving organ, the volumet- 
ric 4D technique catches the entire volume in a single 
acquisition. However, single-slice 4D MR imaging has 
a higher speed and can be used to study fast heart beat- 
ing and forced breathing maneuvers. Further improve- 
ment of 4D MR imaging may employ the view- sharing 
technique using a variable sampling rate in k- space and 
shares elements between image sets, reducing the ac- 
quisition time by an appropriate approximation. This 
technique, combined with parallel imaging, allows for 
volumetric 4D MR imaging in respiratory motion stud- 
ies. Then the acquisition time could be below 0.7 s for a 
3D torso image using a 1.5-T MRI scanner. 

Concluding, significant improvement in 4D MRI 
has been made in the last years. Nevertheless 4D radia- 
tion therapy is still in its early stages of development. 
Promising advances are expected. At this point in time 
4D MRI of lung tumor motion will play a larger role. 
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11.4.2 

MR Assessment of N Classification 

The descriptor N classification refers to the presence 
or absence of regional lymph node metastases (Sobin 
and Wittekind 2002). The definitions are given in 
Table 11.4. In the absence of distant metastasis, locore- 
gional lymph node spread will determine therapy and 
prognosis. For patients without positive lymph nodes 
(NO disease) or with only intrapulmonary or hilar 
lymph nodes (Nl disease), direct resection remains 
standard therapy. In case of positive ipsilateral medi- 
astinal lymph nodes (N2 disease), chemotherapy com- 
bined preoperatively with surgery or with concurrent 
or sequential radical radiotherapy is a legitimate choice 
(Martini et al. 1997; Vansteenkiste et al. 1998). If 
patients have contralateral mediastinal lymph node 
metastases (N3 disease), however, they are generally 
rejected for surgery but will receive non-surgical com- 
bination treatment. 

CT has been the standard noninvasive modality for 
staging of lung cancer. Enlarged lymph nodes (i.e. with 
a short axis of more than 10 mm or a long axis of more 
than 15 mm) are considered to be metastatic. Although 
an increase in the size of mediastinal lymph nodes cor- 
relates with malignant involvement in patients with 
lung cancer, the sensitivity and specificity of this find- 
ing are not very high because lymph nodes can be en- 
larged due to infection or inflammation. In addition, 
small nodes can sometimes contain metastatic deposits. 
The RDOG reported that the sensitivity and specificity 
of CT for N classification were only 52% and 69%, re- 
spectively (Webb et al. 1991), while the corresponding 
values from the Leuven Lung Cancer Group (LLCG) 
were 69% and 71% (Dillemans et al. 1994). Due to the 
substantial limitation of CT for depicting mediastinal 
lymph node metastases, additional mediastinoscopy 
with biopsy is necessary for adequate assessment of hi- 
lar and mediastinal nodes (Glazer et al. 1984, 1985; 
Musset et al. 1986; Poon et al. 19987; Laurent et al. 
1988; Webb et al. 1991, 1993; McLoud et al. 1992). 

Since the 1990s, FDG-PET has been used for dif- 
ferentiation between metastatic and non-metastatic 
lymph nodes based on the biochemical mechanism of 
increased glucose metabolism or tumor cell duplica- 
tion (Wahl et al. 1994; Patz et al. 1995; Boiselle et al. 
1998; Higashi et al. 1998; Gupta et al. 2000). However, 
elevated glucose metabolism may occur secondary to 
tumor, infection or inflammation (Dewan et al. 1993; 
Patz et al. 1993), and spatial resolution in PET is infe- 
rior to that of CT and MR, so that the diagnostic capa- 
bility of the FDG-PET imaging is limited (Gupta et al. 



2000). A large number of prospective studies have com- 
pared the diagnostic capability of N stage assessment 
using CT and FDG-PET. A meta-analysis demonstrated 
that FDG-PET was significantly more accurate than 
CT for identifying lymph node involvement (Gould 
et al. 2003). In addition, the respective median sensitiv- 
ity and specificity of CT were 61% (interquartile range, 
50%-71%) and 79% (interquartile range, 66%-89%), 
but those of FDG-PET were 85% (interquartile range, 
67%-91%) and 90% (interquartile range, 82%-96%) 
(Gould et al. 2003). Moreover, it has been suggested 
that FDG-PET is more sensitive but less specific when 
CT showed enlarged lymph nodes [median sensitiv- 
ity, 100% (interquartile range, 90%-100%); median 
specificity, 78% (interquartile range, 68%- 100%)] than 
when CT showed no lymph node enlargement [median 
sensitivity, 82% (interquartile range, 65%- 100%); me- 
dian specificity, 93% (interquartile range, 92%-100%]; 
P = 0.002)] (Gould et al. 2003). 

Since the introduction of MR imaging for assess- 
ment of lung cancer, the criteria for tumor involvement 
within lymph nodes depend solely on lymph node size, 
and were very similar to CT criteria. In some cases, 
however, histological examination has shown that a 
normal- sized regional lymph node may have metas- 
tases, and that nodal enlargement can be due to reac- 
tive hyperplasia or other non-malignant conditions. 
The detectability of calcifications, which are indicative 
for a benign lesion, is also limited for MRI when com- 
pared with CT. The direct multiplanar capability of MR 
imaging, however, is an advantage for the detection of 
lymph nodes in areas that are sub- optimally imaged in 
the axial plane, such as in the aorto -pulmonary (AP) 
window and subcarinal regions (Webb et al. 1991; Boi- 
selle et al. 1998). 

Recently, cardiac- and/or respiratory-triggered con- 
ventional or black-blood STIR turbo SE imaging has 
been recommended for detection of metastatic tumors 
and metastatic lymph nodes (Fujimoto et al. 1995; Eu- 
stace et al. 1998; Takenaka et al. 2002; Ohno et al. 
2004d, 2007c; Kawai et al. 2006). These novel sequences 
may make to quantitatively assess the signal intensity of 
lymph nodes by means of comparison with a 0.9% nor- 
mal saline phantom (Takenaka et al. 2002; Ohno et al. 
2004d, 2007c). The STIR turbo SE sequence is a simple 
sequence, which can be easily included in clinical pro- 
tocols to yield net of Tl- and T2-relaxation times. On 
STIR turbo SE images, metastatic lymph nodes exhibit 
high signal intensity and non-metastatic lymph nodes 
low signal intensity (Figs. 11.15 and 11.16). Several 
studies have reported that sensitivity, specificity and 
accuracy of quantitatively and qualitatively assessed 
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Fig. 11.15a-c. A 77-year-old male with adenocarcinoma (NO). Integrated FDG-PET/CT (a) dem- 
onstrates high uptake of FDG in primary tumor, but no uptake in mediastinal and hilar lymph nodes, 
suggesting NO. Black-blood STIR turbo SE imaging on axial (b) and coronal (c) planes show the 
primary tumor as high intensity, but mediastinal {arrow) and hilar {arrow head) lymph nodes as low 
signal intensity, suggesting NO 



STIR turbo SE imaging ranged between 83.7% and 
100.0%, between 75.0% and 93.1%, or between 86.0% 
and 92.2% on a per-patient basis (Fujimoto et al. 1995; 
Takenaka et al. 2002; Ohno et al. 2004d, 2007c). Di- 
rect and prospective comparisons with CT on a per-pa- 
tient basis demonstrated that sensitivity and accuracy 
of quantitatively and qualitatively assessed STIR turbo 
SE imaging are significantly higher (Ohno et al. 2004d). 
In addition, direct and prospective comparisons with 
co-registered FDG-PET/CT showed that quantitative 
sensitivity and accuracy of STIR turbo SE imaging were 



significantly higher (Ohno et al. 2007c). STIR turbo SE 
imaging thus should be considered as capable of en- 
hancing the diagnostic capability of N classification not 
only due to its multiplanar capability but also its sen- 
sitive and accurate assessment of relaxation time dif- 
ferences between metastatic and non-metastatic lymph 
nodes. It should therefore be considered at least as valu- 
able as FDG-PET/CT. In fact, MR imaging with STIR 
turbo SE imaging may be discussed as a substitute for 
FDG-PET or PET/CT. 
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Fig. 11.16a-c. A 74-year-old male with adenocarcinoma (Nl). Integrated FDG-PET/CT (a) demonstrates no up- 
take of FDG in the mediastinal and faint uptake in the hilar lymph nodes, suggesting NO, which was false-negative. 
Black-blood STIR turbo SE imaging on axial (b) and coronal (c) planes shows the hilar lymph node {arrow) as high 
signal intensity, suggesting Nl which was true-positive 



11.4.3 

MR Assessment of M Classification 

The descriptor M relates to the presence of distant me- 
tastasis (Ml) or its absence (MO) (Sobin and Witte- 
kind 2002). The definitions are given in Table 1 1.5. Lung 
cancer can metastasize widely and involve many organs, 
including the brain, bone, liver, and adrenal glands. The 
presence of metastasis beyond the intrathoracic lymph 
nodes is considered an indication of metastatic disease 



(Ml) and implies surgical non-resectability. Patients 
with distant metastases carry a very poor prognosis and 
are generally treated with chemotherapy, radiotherapy, 
or both or with optimal supportive care. In most cases, 
extrathoracic imaging is indicated for patients with lung 
cancer and symptoms localized to a specific organ. At 
present, however, there is no consensus regarding the 
efficacy of extrathoracic imaging for presumably resect- 
able lung cancer without signs or symptoms localized to 
a specific organ (Wong et al. 1999). 
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The observation of metastases in patients with 
NSCLC has major implications for management and 
prognosis. Extrathoracic metastases are present in ap- 
proximately 40% of patients with newly diagnosed lung 
cancer at presentation, most commonly in the adrenal 
glands, bones, liver, or brain (Pantel et al. 1996; Quint 
et al. 1996). After radical treatment for apparently local- 
ized disease, 20% of the patients developed an early dis- 
tant relapse, probably due to systemic micrometastases 
that were present but not detected or visualized at the 
point of initial staging (Pantel et al. 1996). Silvestri 
et al. (1995) updated a meta-analysis for the systemic 
evaluation of extrathoracic metastases in potentially re- 
sectable NSCLC patients. This study calculated that the 
negative predictive value was equal to or more than 90% 
for the clinical evaluation of patients asymptomatic for 
brain, abdominal, or bone metastases (Silvestri et al. 
1995). These findings are consistent with the findings 
of a retrospective analysis of 755 patients with clinical 
stage T 1-2 NO disease, which found only five sites with 
silent metastasis after extensive imaging for extratho- 
racic disease (Tanaka et al. 1999). The current recom- 
mendation from the American College of Chest Physi- 
cians (ACCP) therefore suggests that further diagnostic 
testing is necessary to confirm the presence of disease 
only in patients with abnormal findings on clinical eval- 
uation, although the positive predictive values among 
the studies included in their meta-analysis were highly 
variable (Toloza et al. 2003; Silvestri et al. 2007). For 
purposes of TNM classification, however, it would be 
necessary to perform in-depth surveillance of potential 
sites of extra-thoracic metastases for all lung cancer pa- 
tients. In addition, accurate diagnosis of extra-thoracic 
metastases may be helpful for clinicians to provide the 
most appropriate treatment and/or management for 
lung cancer patients. 



11.4.3.1 

Adrenal Gland Metastasis 

Enlarged adrenal glands can be visualized on CT at ini- 
tial presentation in nearly 10% of NSCLC patients, and 
approximately two-third of these adrenal lesions are 
benign or asymptomatic (Oliver et al. 1984; Etting- 
hausen and Burt 1991). Therefore, without pathologic 
proof of metastatic disease, the presence of an isolated 
adrenal mass in a patient with otherwise operable 
NSCLC should not preclude radical treatment. If the 
CT scan is performed without intravenous contrast me- 
dia and an adrenal lesion is identified, measurement of 
the CT scan attenuation value can be helpful for distin- 



guishing metastasis from adenoma (Boland et al. 1998; 
Szolar and Kammerhuber 1998). PET can also be a 
useful adjunct in this setting because the sensitivity and 
specificity of PET have been reported as ranging from 
80% to 100% in the past literatures. This high sensitivity 
and specificity may result in a reduction of the number 
of unnecessary biopsies, which are not without risk and 
not always diagnostic (Erasmus et al. 1997; Marom 
et al. 1999). However, careful interpretation of PET is 
required for small lesions less than 10 mm in diameter, 
since experience with these is still limited (Schrevens 
et al. 2004). In addition, false-positive findings on PET 
have also been reported, and the incidence of false- 
positive findings is increasing. Currently, MR imaging 
is also considered helpful for distinguishing metastasis 
from adenoma when an adrenal lesion is detected by 
CT. Visual assessment of adrenal lesions using chemical 
shift MR imaging may characterize a lesion as an ad- 
enoma on the basis of reduced signal intensity of the 
lesion on opposed-phase images as compared with that 
on in-phase images (Korobkin et al. 1995; Schwartz 
et al. 1998; Hussain and Korobkin 2004). Korobkin 
et al. (1995) applied this technique to 51 adrenal lesions 
and reported a sensitivity of 100% and specificity of 
81% for the characterization of adenomas. 



11.4.3.2 

Bone Metastasis 

Bone involvement is usually assessed by 99mTechnetium 
methylene diphosphate ( 99m Tc-MDP) or hydroxymeth- 
ylene diphosphate ( 99m Tc-HMDP) bone scintigraphy. 
Although sensitivity of bone scintigraphy has been 
reported as high as 90%, its specificity was only about 
60% due to false -positive findings caused by the non- 
selective uptake of the radionuclide tracer in any area 
of increased bone turnover (Schrevens et al. 2004). 
Consequently, additional imaging by X-ray, bone CT, 
and/or MR imaging is often required. PET is reported 
to have similar sensitivity, but higher specificity and ac- 
curacy (equal to or more than 90%, equal to or more 
than 98% and equal to or more than 96%, respectively) 
(Bury et al. 1998; Marom et al. 1999). PET is therefore 
considered superior to bone scintigraphy for the detec- 
tion of bone metastases. Currently, MR imaging with 
the use of various sequences such as Tl -weighted SE or 
turbo SE imaging, T2-weighted turbo SE imaging, STIR 
turbo SE imaging, contrast-enhanced Tl -weighted SE 
or turbo SE imaging, or diffusion-weighted MR imag- 
ing is deemed useful for assessment of muscle-skeletal 
tumors and metastasis from various malignancies 
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(Weinberger et al. 1995; Vanel et al. 1998; Ment- 
zel et al. 2004; Park et al. 2004; Tokuda et al. 2004; 
Goo et al. 2005). However, only one study has directly 
compared the diagnostic capability of MR imaging and 
bone scintigraphy and found that sensitivity, specificity 
and accuracy of MR imaging were 80%, 96% and 93%, 
respectively, being superior to bone scintigraphy (40%, 
92%, and 83%), although the difference was not signifi- 
cant (Earnest et al. 1999). 



11.4.3.3 

Brain Metastasis 

Some investigators have reported that brain MR imaging 
is useful for evaluation of asymptomatic brain metasta- 
ses in patients with operable lung cancer (Hillers et al. 
1994; Earnest et al. 1999; Yokoi et al. 1999). FDG- 
PET is not suitable for the detection of brain metastases 
since the sensitivity of PET is low due to the high glucose 
uptake of normal surrounding brain tissue. CT and/or 
MR imaging remain the method of choice for screening 
brain metastases. Yokoi et al. (1999) compared the ef- 
ficacy of MR imaging and CT scans of brain in 332 pa- 
tients with potentially operable asymptomatic NSCLC. 
Within 12 months of diagnosis, brain metastases were 
detected in 7% of the patients in this series. Preopera- 
tively, brain metastases were detected in 3.4% of the pa- 
tients by MR imaging and in 0.6% of the patients by CT 
scans. Other investigators have reported on the utility of 
contrast- enhanced brain MR imaging and found a high 
prevalence of asymptomatic brain metastasis in 28% of 
patients identified with contrast- enhanced brain MR 
imaging (Earnest et al. 1999). These findings suggest 
that preoperative brain MR imaging may be effective for 
patients with lung cancer. 



11.4.3.4 

Whole-body MR Imaging 

for Assessment of M Classification 

in Lung Cancer Patients 

Findings of a recent randomized trial suggest that 
the addition of whole-body FDG-PET scanning to a 
conventional workup can identify more patients with 
extra-thoracic metastases among those with suspected 
NSCLC (van Tinteren et al. 2002). However, recent 
advances in MR techniques such as fast imaging and 
moving table techniques make it possible to perform 
total body MR imaging. Its usefulness has been 
investigated in the staging of breast cancer and the 



search for primary lesions in patients with metastatic 
carcinoma from an unknown primary lesion (Eustace 
et al. 1998; Walker et al. 2000; Antoch et al. 2003; 
Lauenstein et al. 2004; Takahara et al. 2004; 
Goehde et al. 2005; Schmidt et al. 2006). It was 
concluded that total body MR imaging may constitute 
a single, cost-effective imaging test for patients with 
metastatic carcinoma from an unknown primary 
(Eustace et al. 1998; Walker et al. 2000; Antoch et al. 
2003; Lauenstein et al. 2004; Takahara et al. 2004; 
Goehde et al. 2005; Schmidt et al. 2006). However, 
the potential of total body MR imaging for lung cancer 
staging has not yet been satisfactorily delineated. 
Ohno et al. (2007d) performed a direct comparison of 
the diagnostic capability of whole-body MR imaging 
and FDG-PET for the M classification (Fig. 11.17 and 
11.18). They reported that the interobserver agreement 
for whole-body MR imaging was substantially, but not 
significantly better than for whole-body FDG-PET on 
a per-site basis and a per-patient basis (Ohno et al. 
2007d). For assessment of head and neck metastases, 
sensitivity (84.6%) and accuracy (95.0%) of whole-body 
MR imaging were significantly higher than those of 
FDG-PET (15.4% and 89.1%, respectively) on a per-site 
basis (Ohno et al. 2007d). In addition, the specificity 
(96.1%) and accuracy (94.8%) of whole-body MR 
imaging for bone metastasis were significantly higher 
than those of FDG-PET (88.3% and 88.2%, respectively) 
on a per-site basis (Ohno et al. 2007d). However, 
when brain metastases were excluded from head and 
neck metastases, sensitivity, specificity and accuracy of 
whole-body MR imaging were not significantly different 
from those of FDG-PET, nor were they for diagnosis of 
thoracic, abdominal and pelvic metastases (Ohno et al. 
2007d). In addition, when evaluation on a per-patient 
basis of M classification included brain metastases 
as head and neck metastases, accuracy (80.0%) of 
whole-body MR imaging was significantly better than 
that of FDG-PET (73.3%), while exclusion of brain 
metastases from head and neck metastases, resulted in 
no significant differences in sensitivity, specificity and 
accuracy between whole-body MR imaging and FDG- 
PET (Ohno et al. 2007d). Whole-body MR imaging is 
therefore an accurate diagnostic technique, and should 
be considered at least as effective as FDG-PET for M 
classification of lung cancer patients (Figs. 11.17 and 
11.18). However, further investigations will be needed 
to determine the actual significance of whole-body 
MR imaging as a potential substitute for FDG-PET or 
PET/CT. 
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Fig. 11.17a,b. A 68-year-old female with adenocarcinoma and 
lumbar vertebra (LI) metastasis. Integrated FDG-PET/CT (a) 
shows high uptake of FDG at the vertebral arch (arrow), suggesting 
bone metastasis, which was true-positive. On sagittal whole-body 
MR images (b): L to R, non-contrast enhanced Tl -weighted GRE 
image; STIR turbo SE image; and contrast enhanced Tl -weighted 
GRE image, bone metastasis (arrow) is obvious, which was true- 
positive 
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Fig. 11.18a,b. A 67-year-old male with adenocarcinoma and brain metas- 
tasis. Integrated FDG-PET/CT (a) does not show any abnormal uptake, and 
suggesting MO, which was false-negative. Contrast enhanced whole-body 
Tl -weighted GRE (b): L to R, coronal and sagittal planes clearly shows brain 
metastasis, suggesting Ml, which was true-positive 
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KEY POINTS 



Cystic masses are generally congenital and arise 
anywhere in the mediastinum, and MRI is useful to 
confirm their cystic nature, especially in the cysts 
with soft tissue attenuation at CT. In the thymus, 
chemical-shift MRI can characterize the normal 
thymus and thymic hyperplasia by detecting tiny 
amounts of fat tissue within the thymus and differ- 
entiate such benign processes from thymic tumors. 
Malignant lymphoma is a relatively common dis- 
ease in the mediastinum, and MRI provides impor- 
tant information, especially in the assessment of 
viability of residual masses in treated lymphoma. 
In the diagnosis of neurogenic tumors, MRI can 
precisely evaluate shape, location, intraspinal ex- 
tension, and internal components of the tumors. 



Introduction 

In assessment of mediastinal disease, CT is generally 
the first-choice modality of diagnostic imaging. But not 
uncommonly, MRI provides important findings that are 
diagnostic of a disease and facilitates precise assessment 
of location, pattern of extensions, and anatomical rela- 
tionship with adjacent structures of the disease. In ad- 
dition to conventional Tl- and T2- weighted spin echo 
sequences, chemical shift images, dynamic studies with 
first gradient-echo 2- or 3- dimensional sequences, and 
diffusion-weighted images are available to obtain spe- 
cific findings of the mediastinal diseases. 
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We describe the role of MRI in the assessment of 
various mediastinal diseases, including congenital and 
acquired cystic masses, thymus and thymic tumors, 
germ cell tumors, Hodgkins and non-Hodgkins lym- 
phoma, and neurogenic tumors with emphasis of their 
characteristic and specific findings on MRI. 



Mediastinal Cystic Masses 

Cystic masses of the mediastinum are encapsulated le- 
sions that contain fluid and are lined with epithelium. 
Most cystic lesions are congenital in origin and include 
foregut duplication cysts (i.e., bronchogenic cysts, 
esophageal duplication cysts, and neurenteric cysts), 
pericardial cysts, pleural cysts, and parathyroid cysts. 
Thymic cysts and thoracic duct cysts are either con- 
genital or acquired in origin. Meningoceles, pancreatic 
pseudocysts, hydatid disease, abscess, hematoma, and 
various solid lesions associated with cystic degenera- 
tion (i.e., schwannoma, germ cell tumor, thymoma, and 
parathyroid adenoma) also appear as cystic mediastinal 
masses. 

In a study of 105 cases with mediastinal cysts, cystic 
disease comprises 13.0% of mediastinal masses and is 
more prevalent in adult populations (14.1%) than in 
children (7.7%) (p < 0.05). Overall, 36.2% of the pa- 
tients were symptomatic, and common symptoms were 
retrosternal chest pain (14.3%), which was followed by 
dyspnea (7.6%), cough (6.7%), fever (5.7%), and hoarse- 
ness (4.8%). The incidence of each cystic masses is 45% 
in bronchogenic, 28% in thymic, 1 1% in pericardial, 7% 
in pleural cysts, and 4% in esophageal duplication cysts 
(Takeda et al. 2003). 

On radiographs, mediastinal cystic masses usually 
appear as focal deformity or obscuration of mediastinal 
contours and lines and may be associated with displace- 
ment of normal mediastinal structures. Generally, CT 
is the diagnostic modality of first choice for mediasti- 
nal cystic masses and the following typical features are 
diagnostic: (1) an encapsulated smooth round or oval 
mass, (2) homogeneous attenuation in the range of wa- 
ter attenuation (0-20 HU), (3) no enhancement of cyst 
contents, and (4) no infiltration of adjacent mediastinal 
structures (Kuhlman et al. 1988; Feung et al. 2002). 

On MR images, mediastinal cysts that usually 
contain serous fluid typically show homogeneous low 
signal intensity on Tl -weighted images and high signal 
intensity on T2- weighted images, due to their long Tl 
and T2 relaxation time. In some mediastinal cysts, CT 
may reveal high attenuation similar to solid lesions due 



to a high level of protein and calcium oxalate in the cys- 
tic contents (Yernault et al. 1986). In such situations, 
MRI can be useful in the differentiation of cystic masses 
from solid lesions. High signal intensity correspond- 
ing to cerebrospinal fluid on T2-weighted images, a 
fluid-fluid level, and lack of contrast enhancement are 
highly suggestive of the cystic nature of the lesions. It 
should be noted that signal intensity on MR images of 
mediastinal masses also varies depending on its content 
including, calcium, protein, and blood products, espe- 
cially on Tl-weighted images (Murayama etal. 1995). 
The lesions that contain proteinaceous or hemorrhagic 
contents show high signal on Tl-weighted images. One 
of disadvantages of MRI is inability of visualization of 
calcification, which may occur occasionally in the wall 
or within the lesion. 



12.2.1 
Bronchogenic Cysts 

Bronchogenic cysts are the most common foregut 
cysts and result from defective development (abnormal 
budding of the ventral foregut) during the fetal period 
(Ribet et al. 1995). The cyst wall is lined by respiratory 
epithelium (pseudostriated ciliated columnar epithe- 
lium) and contains cartilage, smooth muscle, and mu- 
cous glands. Cyst fluid is usually serous, but can contain 
various amounts of protein and calcium and can be 
hemorrhagic or highly viscous. 

Bronchogenic cysts most commonly present in the 
first few decades of life, and the majority is incidentally 
detected on chest radiograph or on chest CT. However, 
they may occasionally be symptomatic due to compres- 
sion of adjacent structures. In a series of surgically 
diagnosed cases, 70-80% of patients had symptoms in- 
cluding chest pain, cough, dyspnea, fever, and purulent 
sputum (St-Georges etal. 1991; Ribet etal. 1996). In 
infants and young children, they are usually symptom- 
atic and sometimes life threatening. 

The bronchogenic cysts most commonly are located 
in the near carina (52%) and in the paratracheal region 
(19%); less often adjacent to the esophagus or retrocar- 
diac region; and rarely in the anterior mediastinum, 
within the lung, in the pleura, and in the diaphragm 
(Reed et al. 1974; Mc Adams et al. 2000). As a rare case, 
solitary pedunclated bronchogenic cyst that appeared 
as a pleural nodule located apart from the mediastinum 
has been reported (Yoshioka et al. 2000). 

Bronchogenic cysts typically appear as a well- 
defined round or elliptical mass with a uniformly thin 
wall. On CT, 50% of bronchogenic cysts reveal typical 
water attenuation, whereas in the other half, the cysts 



Mediastinal Disease 219 




Fig. 12.1a, b. Bronchogenic cyst, (a) Tl-weighted and (b) 
T2-weighted MR images showing a well-demarcated mass le- 
sion right of the trachea (arrows). The lesion shows low signal 



intensity on Tl-weighted images (a) and homogeneous high 
signal intensity on T2-weighted images (b). The signal pattern 
suggests cystic nature of the lesion 




Fig. 12.2. Ruptured bronchogenic cyst. The bronchogenic cyst 
ruptured after abrupt increase in size. T2-weighted MR image 
reveals a bronchogenic cyst at the carina (arrow) and right- 
sided pleural effusion 



have variously higher attenuation and may be indistin- 
guishable from soft tissue lesions (Yernault et al. 1986). 
On T2-weighted MRI, bronchogenic cysts constantly 
have high signal intensity, but variable patterns of 
signal intensity are seen on Tl-weighted MRI, depend- 
ing on cystic contents including, protein, hemorrhage, 
mucoid material, and calcium (Feung et al. 2002) 
(Fig. 12.1). McAdams etal. (2000) have reported that 
on Tl-weighted MR images (n = 23), 18 cysts were hy- 
perintense, and 5 were isointense to cerebrospinal fluid, 
and on T2 -weighted MR images (n = 18), 17 cysts were 



isointense or hyperintense, and 1 was hypointense to 
cerebrospinal fluid. Invariable high signal intensity on 
T2-weighted MR images is diagnostic of cystic nature 
of the lesion. Bronchogenic cysts may reveal fluid-fluid 
level on MR images (Murayama et al. 1995). Rarely, 
bronchogenic cysts contain air that suggests secondary 
infection or communication with the tracheobronchial 
tree. Bronchogenic cysts are typically stable in size or 
may enlarge over years. Abrupt increase in size indicates 
hemorrhage or infection (Feung et al. 2002) and may 
result in rupture of the cyst (Fig. 12.2). 
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Fig. 12.3a,b. Esophageal cyst, (a) Tl -weighted coronal and (b) T2-weighted axial MR images showing a well-defined mass le- 
sion adjacent to the lower esophagus {arrow). The cyst shows high signal intensity on Tl- and T2-weighted images {arrow) 



12.2.2 

Esophageal 
Duplication Cysts 

Esophageal duplication cysts may result from either ab- 
normal budding of the foregut or a failure of complete 
vacuolation of the originally solid esophagus (Salo and 
Ala-Kulju 1987). The cysts are lined by gastrointes- 
tinal tract mucosa and have a double layer of smooth 
muscle. The cysts are commonly located in the lower 
mediastinum, adjacent to the esophagus (Fig. 12.3). 
Imaging features of esophageal duplication cysts are 
similar to those of other mediastinal congenital cysts. 
However, the cyst walls may be thicker and the lesions 
may be more tubular in shape and be in more intimate 
contact with the esophagus. 



12.2.3 
Neurenteric Cysts 

Neurenteric cysts result from incomplete separation of 
endoderm from notochord and usually have either a 
fibrous connection to the spine or an intraspinal com- 
ponent. The cysts occasionally are associated with vari- 
ous vertebral anomalies, such as hemivertebra, butterfly 
vertebra, or spina bifida. Findings of neurenteric cysts at 
CT and MRI are similar to those of other foregut cysts. 
MRI is indicated to exclude intraspinal extension of the 
cysts (Strollo et al. 1997). 



12.2.4 
Pericardial Cysts 

Pericardial cysts are outpouchings of the parietal peri- 
cardium, which have no communication with the peri- 
cardial space and result from a defect in the embryo - 
genesis of the celomic cavity. These cysts are commonly 
round or spherical in shape, thin walled, unilocular, and 
contain clear or straw-colored fluid. Cyst walls consist 
of connective tissue and a single layer of mesothelial 
cells. 

The majority of pericardial cysts are located in the 
cardiophrenic angles, and they are more frequent on the 
right side. In one large series of 72 cases with pericardial 
cysts, 54 are located in the cardiophrenic angle, of which 
two thirds are on the right side, and the remaining 18 
are found in the higher mediastinum up to the level of 
pericardial reflection (Wychulis etal. 1971). Patients 
are almost invariably asymptomatic, and cysts are de- 
tected incidentally on a screening chest radiograph. 

On CT, the cysts characteristically show water at- 
tenuation, but occasionally its content is of soft tissue 
attenuation. At MRI, they typically have low or inter- 
mediate signal intensity on Tl -weighted images and 
homogeneous high intensity on T2 -weighted images 
(Fig. 12.4). The cysts with proteinaceous fluid show 
high signal intensity on Tl -weighted images. The cysts 
do not enhance with the administration of gadolinium 
chelates (Wang et al. 2003). Pericardial cysts in unusual 
locations, including upper mediastinum and anterior 
mediastinum, may be indistinguishable from broncho- 
genic or thymic cysts (Fig. 12.5). 
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Fig. 12.4a, b. Pericardial cyst. The right cardiophrenic angle is the most common site of pericardial cyst (arrow). The cyst typi- 
cally shows low signal intensity on Tl -weighted image (a) and high signal intensity on T2-weighted MR image (b) 




Fig. 12. 5a, b. Pericardial cyst at the upper mediastinum. Tl-weighted coronal (a) and T2-weighted 
axial (b) MR images show a well-defined cyst adjacent to the aortic arch {arrow) 



12.2.5 
Thymic Cysts 

Congenital thymic cysts are derived from a remnant of 
the thymopharyngeal duct, and they are usually uniloc- 
ular and generally small. Most patients with congenital 
thymic cyst are asymptomatic; however, patients can 
present with cough or dyspnea or with pain if intrac- 
ystic bleeding occurs. Acquired thymic cysts, occasion- 



ally referred to multilocular thymic cysts, are probably 
pathologically unrelated to congenital cysts, and may be 
associated with various inflammatory process or certain 
thymic neoplasms, including Hodgkins disease, semi- 
noma, thymoma, and thymic carcinoma (Suster and 
Rosai 1991). Although some cysts develop after irradia- 
tion of the mediastinum or after chemotherapy (Baron 
etal. 1981), thymic cysts can coexist with Hodgkins 
disease, unrelated to therapy. 
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Fig. 12.6a, b. Thymic cyst. Tl-weighted (a) and T2-weighted (b) MR images show a well-defined lesion within the anterior me- 
diastinal fat {arrow). The thymic cyst reveals low and high signal intensity on Tl-weighted (a) and T2-weighted (b) MR images, 
respectively 



Thymic cysts show low signal intensity on Tl- 
weighted MR images and high signal intensity on T2- 
weighted MR images (Fig. 12.6). Hemorrhage into the 
cysts results in increased signal on Tl-weighted images 
(Fig. 12.7). If the cyst is multilocular, thick walled, or as- 
sociated with a soft tissue, then biopsy or surgical resec- 
tion may be indicated to exclude malignancy. 



12.2.6 

Other Cystic and Cyst-Like Lesions 

Thoracic duct cyst is an extremely rare cystic lesion in 
the mediastinum. The cysts occur anywhere along the 
course of the thoracic duct and occasionally communi- 
cate with the duct. In a review of 29 patients with tho- 
racic duct cysts, the cyst was found in the mediastinum 
in 19, in the cervical region in 9, and in the abdomen 
in 1 (Mat til a et al. 1999). The cysts may be associated 



with various conditions, including portal hypertension, 
liver cirrhosis, thoracic duct obstruction, and lymp- 
hangiomyomatosis. 

Mediastinal pancreatic pseudocysts are rare com- 
plications of acute or chronic pancreatitis and result 
from the extension of pancreatic juice through the dia- 
phragm. Most mediastinal pseudocysts are retrocardiac, 
since inflammatory process extends through the esoph- 
ageal or the aortic hiatus (Tan et al. 2002). Multiplanar 
capability of MRI is beneficial in the pretreatment as- 
sessment of the precise location and range of extension 
of the pseudocysts (Tanaka et al. 2000). 

Lateral thoracic meningocele is a rare disorder that 
occurs frequently in association with neurofibroma- 
tosis type I. MRI permits a diagnostic, noninvasive as- 
sessment of its cystic nature, communication with the 
spinal meninges, and associated spinal abnormalities 
(NAKASuetal. 1991). 
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Fig. 12.7a-c. Thymic cyst with hemorrhage, (a) CT shows 
a well-defined lobulated mass in the anterior mediastinum 
with a density measuring within the range of soft tissue. Tl- 
weighted (b) and T2-weighted (c) MR images at the same level 
showing low signal intensity on Tl -weighted and high signal 
intensity on T2 weighted images (arrows), whereas the poste- 
rior part reveals high signal on Tl -weighted and low signal on 
T2-weighted images (arrowheads) 
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Thymus and Thymic Tumors 

12.3.1 

Normal Thymus 

The thymus is a bilobed, triangular- shaped organ that 
occupies retrosternal space and extends over the great 
vessel and the heart. The normal thymus varies widely in 
size and shape depending on age (Francis et al. 1985). 
In infants and younger children, the thymus appears 
quadrilateral in shape rather than triangular in the axial 
plane. Its margins are convex in infants and usually be- 
come straight in older children (Baron et al. 1982). The 
thymus reaches a maximum weight at puberty, and then 
its weight and size decrease with age as the gland un- 
dergoes involution with fatty infiltration. From puberty 
to young adult around 25 years, the thymus appears as 
bilobed triangular structure and its margins are flat or 
concave laterally. 



The widely accepted CT measurement of the thymus 
is the thickness of the lobes measured perpendicular to 
their long axis. On CT, the normal maximal thickness 
of the thymus is 18 mm before the age 20 years and 13 
mm in older patients (Baron et al. 1982). On MRI, the 
thymus may appear to have a slightly greater thickness 
than measured on CT, when MR images are obtained 
under breathing. On CT, the thymus shows soft tissue 
attenuation similar to muscle in infants and young chil- 
dren. Its attenuation decreases with age after puberty 
due to fatty infiltration. On MRI, the normal thymus 
characteristically shows homogeneous and intermedi- 
ate signal intensity on Tl -weighted images, which is 
less intense than mediastinal fat but greater than mus- 
cle. In older patients, after puberty, the Tl -weighted 
signal intensity of the thymus increases with age, since 
the thymus begins to involute and is replaced by fat. On 
T2 -weighted images, the thymus shows high signal in- 
tensity similar to fat at all ages (de Geer et al. 1986; 
Boothroyd et al. 1992). Besides the measurement of 
the size, CT attenuation, and MR signal intensity, the 




Fig. 12.8a, b. Normal thymus in an 18-year-old girl. In-phase (a) and opposed-phase (b) gradient echo Tl-weighted MR im- 
ages. The thymus shows a homogeneous decrease in signal intensity at opposed-phase image (b) in contrast to in-phase image 
(a) (arrow) 
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shape of the thymus is also an important indicator 
for its abnormality. Focal contour abnormality of the 
thymus — especially that associated with displacement 
of the adjacent structures — is suggestive of underlying 
mass (de Geer et al. 1986). 

Chemical- shift MRI can depict intravoxel fat and 
water within the tissue and has been used clinically to 
diagnose adrenal adenoma and assess fatty liver. It has 
been recently reported that chemical- shift MRI is use- 
ful for characterizing the normal thymus by detecting 
the intravoxel fat tissue within the thymus. Chemical- 
shift MRI can depict physiological fatty replacement 
of the normal thymus in nearly 50% of subjects aged 
11-15 years, and in nearly 100% of those over 15 years 
(Inaoka et al. 2005) (Fig. 12.8). 

Ectopic thymus results from defective pathways of 
the embryologic descent of the thymus and can oc- 
cur anywhere along the path of the thymopharyngeal 
duct. Ectopic cervical thymus usually presents as an 
asymptomatic neck mass in infancy, childhood, and 
early adulthood and is often located in the subman- 



dibular region, adjacent to the thyroid gland, and near 
the carotid bifurcation (He et al. 2008; Liu et al. 2006; 
Khariwala et al. 2004). CT reveals a homogeneous 
soft tissue mass with little or no contrast enhancement 
(Liu et al. 2006; Khariwala et al. 2004). MRI demon- 
strates signal intensity equal to that of muscle on Tl- 
weighted images and greater than that of muscle on 
T2 -weighted images, identical to the mediastinal thy- 
mus. In the diagnosis of ectopic thymus, it should be 
noted that the normal thymus occasionally extends to 
the upper mediastinum or lower neck (Fig. 12.9). 

Although a previous report has suggested that an 
apparent diffusion coefficient (ADC) lower than 1.22 x 
10" 3 mm 2 /s for pediatric neck lesions indicates malig- 
nancy, there is a case report of ectopic cervical thymus 
which has a low ADC value of 0.35 ~ 0.40 x 10" 3 mm7s 
(Liu et al. 2006). The authors said that the histological 
characteristics of normal thymic tissue, which consists 
of many lymphocytes with tight diffusion space of water 
protons in the extracellular dimension, might result in a 
low ADC (Liu etal. 2006). 




Fig. 12.9a, b. Normal thymus in the upper mediastinum. Tl -weighted (a) and T2-weighted (b) MR images at the upper medi- 
astinum. A part of the normal thymus extends to the upper mediastinum and appears as a mass lesion {arrow) 
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12.3.2 

Thymic Hyperplasia and Thymic Rebound 

Lymphoid follicular hyperplasia is pathologically diag- 
nosed by the presence of hyperplastic lymphoid germinal 
centers in the medulla of the thymus in association with a 
lymphocytic and plasma cell infiltrate (Goldstein et al. 
1969). Lymphoid follicular thymic hyperplasia is seen in 
more than 50% of patients with myasthenia gravis and is 
associated with various conditions: thyrotoxicosis, sys- 
temic lupus erythematosus, Hashimotos thyroiditis, and 
polyarteritis nodosa (Levine et al. 1978). 

In CT findings of the thymus in a series of 22 patients 
with myasthenia gravis and lymphoid follicular hyper- 
plasia, 10 had a normal appearance, 7 had an enlarged 
thymus, and 5 had a focal thymic mass (Nicolaou et al. 
1996). The usefulness of CT to establish the diagnosis of 
lymphoid follicular hyperplasia is limited. Also on MRI, 
thymic hyperplasia appears as diffuse enlargement of 
the thymus with MR signals similar to those of normal 
thymus (Molin et al. 1990). 

True thymic hyperplasia is defined as an increase in 
size of the thymus with normal gross and histologic ap- 
pearance, and commonly occurs as a rebound phenom- 
enon secondary to atrophy caused by chemotherapy for 
malignancy, corticosteroid therapy, and radiotherapy 
(Linegar et al. 1993). In patients younger than 35 years 



and especially in children, the thymus may exhibit re- 
bound to a size significantly larger than its original size 
(Choyke et al. 1987). When rebound thymic hyperpla- 
sia occurs in patients who previously underwent chemo- 
therapy for malignancy, distinction of thymic rebound 
from recurrent neoplasm may be difficult. Clinically, 
thymic rebound is most problematic when it is seen in 
patients with malignant lymphoma who had undergone 
chemotherapy. 

On CT and MRI, rebound thymic hyperplasia ap- 
pears as an enlargement of the thymus and its attenuation 
at CT and signal at MRI are similar to those of normal 
thymus (Siegel et al. 1989). In patients with enlarged 
thymus older than 15 years of age, chemical-shift MRI 
can diagnose thymic hyperplasia by detecting fatty in- 
filtration within the thymus and is useful in its differen- 
tiation from neoplastic process (Takahashi et al. 2002; 
Inaoka et al. 2007). In a series of 41 patients of whom 
23 had thymic hyperplasia and 18 thymic neoplasm, 
chemical- shift MRI could differentiate thymic hyperpla- 
sia from thymic neoplasms in all patients. All patients 
with hyperplastic thymus showed an apparent decrease 
in the signal intensity of the thymus at opposed-phase 
images in contrast to in-phase images, while none of the 
patients with thymic tumors showed a decrease in signal 
intensity at opposed-phase images (Inaoka et al. 2007 ) 
(Figs. 12.10, 12.11). 




n b 



Fig. 12.10a-c. Thymic hyperplasia in hyperthyroidism at 
25-year-old woman. T2-weighted (a) and in-phase (b) and op- 
posed-phase (c) gradient-echo Tl -weighted MR images. The 



thymus is diffusely enlarged but shows decrease in signal at op- 
posed-phase image (c) in contrast to in-phase image (b), due to 
physiologic fatty infiltration within the thymus {arrows) 
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Fig. 12.10a-c. (continued) Thymic hyperplasia in hyperthy- 
roidism at 25-year-old woman. T2-weighted (a) and in-phase 
(b) and opposed-phase (c) gradient-echo Tl -weighted MR 
images. The thymus is diffusely enlarged but shows decrease 
in signal at opposed-phase image (c) in contrast to in-phase 
image (b), due to physiologic fatty infiltration within the 
thymus (arrows) 




Fig. 12.11a-c. Noninvasive thymoma. T2-weighted (a), in- 
phase (b) and opposed-phase (c) gradient-echo Tl -weighted 
MR images. A lobulated mass lesion is depicted in the anterior 



mediastinum. In contrast to in-phase image (b), the thymoma 
does not show a significant decrease in signal on the opposed- 
phase image (c) (arrow) 
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Fig. 12.11. (continued) Noninvasive thymoma. T2-weighted 
(a), in-phase (b) and opposed-phase (c) gradient-echo Tl- 
weighted MR images. A lobulated mass lesion is depicted in 
the anterior mediastinum. In contrast to in-phase image (b), 
the thymoma does not show a significant decrease in signal on 
the opposed-phase image (c) (arrow) 



12.3.3 
Thymoma 

Thymoma is the most common primary tumor in the 
entire mediastinum, and it comprises approximately 
20% of all mediastinal tumors (Hoffman et al. 1993). 
Thymoma is a benign or low-grade malignant tumor 
of the thymic epithelium, frequently associated with 
a variable population of immature but non-neoplastic 
T-cell lymphocytes. It is divided into an encapsulated 
noninvasive type and an invasive type that has spread 
beyond the capsule. Fifteen to 40% of thymomas show 
invasion beyond the capsule and turn out to be of the 
invasive type. Invasive thymoma initially invades the 
adjacent mediastinal fat and eventually spreads to the 
pleura, pericardium, lung, or mediastinal vessels. 

Thymomas most commonly arise in the upper part 
of the anterior mediastinum: anterior to the ascending 



aorta, the right ventricular outflow tract, and the main 
pulmonary artery. Uncommon location of thymoma in- 
cludes inferior mediastinum as low as the cardiophrenic 
angle, middle or posterior mediastinum, lower and up- 
per neck as high as the submandibular region, or lung 
parenchyma (Nagasawa et al. 2004; Yamazaki et al. 
2007; Huang etal. 2007). 

Thymomas usually occur in middle-aged adults, 
and the average age at diagnosis is approximately 50 
years (Lewis et al. 1987). Thymomas are unusual below 
the age of 20 and extremely rare under the age of 15 
years. Patients with encapsulated thymoma are usually 
asymptomatic but may have symptoms such as chest 
pain, cough, dyspnea, dysphagia, or hoarseness due to 
compression to the adjacent structures. Most patients 
with invasive thymoma have clinical symptoms due 
to its invasion. Thymomas are occasionally associated 
with paraneoplastic syndrome, and myasthenia gravis 
is the most common disease. Approximately 10-23% 
of patients with myasthenia gravis have thymoma, and 
35-40% of patients with thymoma have myasthenia. 
Other paraneoplastic syndromes associated with thy- 
moma include pure red cell aplasia, acquired hypogam- 
maglobulinemia, and non- thymic cancers. 

Most thymomas show a lobulated external contour 
and are either completely or partially encapsulated by 
fibrous capsule. The capsule connects with fibrous band 
within the tumor that divides it into multiple lobules. 
Cystic change, hemorrhage, and necrosis are relatively 
common, and sometimes the tumor may be entirely 
cystic. 

The World Health Organization (WHO) proposed 
a consensus classification of thymic epithelial tumors 
which is based on the morphology of epithelial cells 
and on the lymphocyte -to -epithelial cell ratio in 1999 
(Rosai and Sobin 1999). In 2004, WHO updated the 
classification (Travis et al. 2004). In the latest classifica- 
tion (Table 12.1), the thymic epithelial tumors are clas- 
sified into two major categories, five types of thymomas 
(types A, AB, Bl, B2, and B3) and thymic carcinomas 
(various histologic types of carcinomas including neu- 
roendocrine carcinoma). Thymomas were divided into 
two groups, depending on whether the neoplastic epi- 
thelial cells and their nuclei have a spindle and/ or oval 
shape (type A) or whether these cells have a dendritic or 
plump (epithelioid) appearance (type B). Tumors that 
combine these two morphologies are designated type 
AB. Type B tumors were subdivided further into three 
subtypes, designated Bl, B2, and B3, respectively, on the 
basis of the proportional increase of the epithelial com- 
ponent and the emergence of atypia of the neoplastic 
cells . 
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Table 12.1. Definitions of World Health Organization classification of thymic epithelial tumors (according to Travis et al. 
2004) 



Thymoma type Definition 



AB 



Bl 



B2 



B3 



Thymic carcinoma 



An organotypical thymic epithelial neoplasm composed of bland spindle/oval epithelial tumor cells with 
few or no lymphocytes 

An organotypical thymic epithelial neoplasm composed of a mixture of a lymphocyte -poor type A 
thymoma component and a more lymphocyte-rich type B-like component. Both components are present 
in most sections 

A tumor of thymic epithelial cells with a histological appearance, practically indistinguishable from the 
normal thymus composed predominantly of areas resembling cortex with epithelial cells scattered in a 
prominent population of immature lymphocytes, and areas of medullary differentiation, with or without 
Hassall's corpuscles, similar to normal thymic medulla 

An organotypical thymic epithelial neoplasm composed of large, polygonal tumor cells that are arranged 
in a loose network and exhibit large vascular nuclei with prominent large nucleoli, closely resembling the 
predominant epithelial cells of the normal thymic cortex. A background population of immature T cells 
is always present and usually outnumbers the neoplastic epithelial cells 

An organotypical thymic epithelial neoplasm predominantly composed of medium-sized round or po- 
lygonal cells with slight atypia. The epithelial cells are mixed with a minor component of intraepithelial 
lymphocytes, resulting in a sheet-like growth of epithelial cell 

All non-organotypical malignant epithelial neoplasms other than germ cell tumors are designated 
thymic carcinomas. Thymic carcinomas are termed according to their differentiation (squamous cell, 
mucoepidermoid, etc.). The term type C thymoma in the previous classification was eliminated. Thymic 
carcinomas lack immature T-lymphocytes 



It has been suggested that the WHO classification 
reflects both the clinical and the functional features of 
thymic epithelial tumors and significantly correlates 
with the invasiveness and the prognosis of thymic epi- 
thelial tumors (Chen et al. 2002; Okumura et al. 2002; 
Kondo et al. 2003). A review of 273 patients with thy- 
moma on the prognostic significance of the WHO clas- 
sification system reported that in patients with type A, 
AB, Bl, B2, and B3 tumors, the respective proportions 
of invasive tumor were 11.1, 41.6, 47.3, 69.1, and 84.6%; 
the respective proportions of tumors with involvement 
of the great vessels were 0, 3.9, 7.3, 17.5, and 19.2%; and 
the respective 20-year survival rates were 100, 87, 91, 
59, and 36% (Okumura et al. 2002). In a review of 200 
patients with thymic epithelial tumors, 5 -year survival 
rates of each subtype of WHO classification were 100% 
in type A thymoma, 100% in type AB, 94.1% in type Bl, 
75.0% in type B2, and 70.0% in type B3, and 48.0% in 
thymic carcinoma (Chen et al. 2002). Based on a sig- 
nificant correlation of the WHO histological classifica- 
tion and prognosis, the thymic epithelial tumors can 



be divided into three main groups: low-risk thymomas 
(types A, AB, Bl), high-risk thymomas (types B2 and 
B3), and thymic carcinomas (Jeong et al. 2004). 

For the clinical staging of thymic epithelial tumors, 
criteria (Masaoka et al. 1981) (Table 12.2), which were 
based on the presence of invasion of the surrounding 
organs, have widely been accepted and modifications 
were suggested by Shimosato and Mukai (1997). The 
staging significantly correlates with the prognosis and 
the 20-year survival rates were 89, 91, 49, 0, and 0% in 
patients with stage I, II, III, IVa, and IVb disease, respec- 
tively (Okumura et al. 2002). By multivariate analysis, 
WHO histologic classification and Masaokas clinical 
staging were independent prognostic factors (Chen 
et al. 2002; Okumura et al. 2002; Kondo et al. 2003). 

On CT, thymomas usually present as sharply de- 
marcated round or oval soft tissue masses in the region 
of the thymus. Tumors commonly reveal soft tissue at- 
tenuation and mild to moderate contrast enhancement. 
Occasionally, focal low attenuation areas are identified 
within tumors, reflecting hemorrhage, necrosis, or cyst 
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Table 12.2. Clinical staging of thymic epithelial tumors (according to Masaoka et al. 1981) 

I Macroscopically completely encapsulated and microscopically no capsular invasion 

II: 1 Macroscopic invasion into surrounding fatty tissue or mediastinal pleura 

11:2 Microscopic invasion into capsule 

III Macroscopic invasion into neighboring organs, i.e., pericardium, great vessels, or lung 

IVa Pleural or pericardial dissemination 

IVb Lymphogenous or hematogenous metastasis 



formation. Rarely, a tumor appears entirely cystic. Lin- 
ear or ring-like calcifications are occasionally seen in 
both encapsulated and invasive thymoma. 

On MR images, thymomas typically appear as 
round, oval, or lobulated masses with a low signal in- 
tensity on Tl -weighted images similar to that of muscle 
and relatively high signal intensity on T2-weighted im- 
ages. T2-weighted images occasionally show scattered 
high-intensity regions and/or lobulated internal archi- 
tecture within the tumors, which corresponded to cystic 
regions and fibrous septa, respectively, on pathologic 
specimens (Fig. 12.12). On Tl -weighted images, the sig- 
nal intensity of cystic regions was variable, depending 
on the protein content of the cyst fluid or the presence 
of hemorrhage (Sakai et al. 1992). 

Invasive thymomas invade the mediastinum be- 
yond the capsule and occasionally spread to the pleura 
and pericardium. Although CT and MRI cannot detect 
minimal mediastinal invasion, it sometime allows dis- 
tinction between invasive and noninvasive thymoma. 
Complete obliteration of the adjacent fat planes highly 
suggests mediastinal invasion (Fig. 12.13), while partial 
obliteration is indeterminate. Complete preservation of 
adjacent fat planes usually excludes extensive invasive 
disease but not minimal capsular invasion (Chen et al. 
1988). Transpleural spread either as a sheet of tumor or 
drop metastasis is a diagnostic finding of invasive thy- 
moma (Fig. 12.14). Previous studies suggested MRI to 
be superior to CT in patients with invasive thymoma for 
defining invasion of contiguous structures: pleura, lung, 
and pericardium (Fujimoto et al. 1992; Gualdi et al. 
1994; Pirronti et al. 2002). MRI may be more efficient 
than CT in detecting tumor recurrence during postop- 
erative follow-up in patients with invasive thymoma 
(Pirronti etal. 2002). 



On the assessment of anterior mediastinal tumors, 
dynamic contrast-enhanced MRI has been suggested 
to be useful in the differentiation between thymomas 
and non-thymomas including, thymic carcinoma, ma- 
lignant lymphoma, and malignant germ cell tumor. On 
dynamic MRI, thymoma tended to reach a peak in the 
time intensity curve relatively early and other mediasti- 
nal tumors relatively late. A cut-off point in the time in- 
tensity curve of 2-2.5 min could be used to differentiate 
thymomas and non-thymomas (Sakai et al. 2002). 

Myasthenia gravis (MG) is commonly associated 
with thymic pathologies, including lymphoid follicular 
hyperplasia in 65-77%, and thymoma in 15-30% (Pir- 
ronti et al. 2002) . It is generally agreed that thymectomy 
is indicated in patients affected by generalized MG be- 
tween the age of puberty and 50-60 years. Thymectomy 
is most likely to be effective in young female patients 
with a disease of short duration, and its effectiveness is 
still under discussion in seronegative MG, ocular MG, 
and elderly patients with MG, whereas thymectomy is 
indicated in all patients who have thymoma. Therefore, 
the role of radiologic assessment in MG patients is de- 
tection of thymomas and their differentiation from thy- 
mic hyperplasia. 

In a study of 104 patients with MG who underwent 
thymectomy, CT showed thymoma in 46 of 52 patients 
(sensitivity of 88.5% and specificity of 95%) and thymic 
hyperplasia in 16 of 44 (sensitivity of 36% and speci- 
ficity of 95%) (Pirronti et al. 2002). In a study of 16 
patients with MG, MRI provided little information as 
compared with CT (Batra et al. 1987). A recent report 
suggested chemical -shift MRI to be beneficial in differ- 
entiation of thymomas from thymic hyperplasia in non- 
MG patients (Inaoka et al. 2007). Although no report 
has been published, MRI may provide similar informa- 
tion also in MG patients. 
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Fig. 12.12a-d. Noninvasive thymoma. Tl-weighted (a,b) and 
T2-weighted (c,d) MR images show a lobulated mass lesion in 
the anterior mediastinum, which reveals low signal intensity 
similar to that of muscle on Tl-weighted images (a,b) and 



relatively high signal intensity on T2-weighted images (c,d). 
A high-signal region (c arrow) and internal, linear low-signal 
intensity (d arrow) within the lesion on T2-weighted images 
represent cystic changes and fibrous septa, respectively 
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Fig. 12.13. Invasive thymoma. Tl-weighted coronal MR im- 
age shows the tumor extending along and invading the medi- 
astinal vessels, including superior vena cava (small arrow) and 
aorta (medium arrow) 



Fig. 12.14. Invasive thymoma. Tl-weighted axial MR image 
shows a mass in the anterior mediastinum (large arrow) and 
drop metastasis at the right major fissure (small arrow) 



12.3.4 

Thymic Carcinoma 

Thymic carcinoma is a thymic epithelial tumor with a 
high degree of histologic anaplasia, obvious cell atypia, 
and increased proliferative activity and is unassociated 
with immature T cells (Shimosato and Mukai 1997). 
The most common histologic variety is epidermoid or 
squamous cell carcinoma: following lymphoepithe- 
lioma-like carcinoma, and anaplastic or undifferenti- 
ated carcinomas. 

Thymic carcinomas predominantly occur in adults 
and are associated with poor prognosis, even when 
treated with surgery and radiotherapy. At the time of 
diagnosis, most patients suffer from chest pain, dysp- 
nea, cough, fever, weight loss, and superior vena cava 
syndrome (Hartmann etal. 1990). A paraneoplastic 
syndrome is uncommon in thymic carcinomas. Thy- 
mic carcinomas occasionally infiltrate adjacent tissue 
and mediastinal vascular structures, or extend into the 
pleura, lungs, and the pericardium. 

Although thymic carcinoma shows similar imaging 
findings to thymoma, thymic carcinomas were more 
commonly associated with mediastinal lymph nodes 
and extrathoracic metastases, but less commonly as- 
sociated with pleural implants than invasive thymoma 



(Do et al. 1995). Jeong et al. (2004) correlated CT find- 
ings of thymic epithelial tumors with WHO histopatho- 
logic subtypes. A lobulated contour was more often seen 
in high-risk thymomas (types B2 and B3) and thymic 
carcinomas than in low- risk thymomas (types A, AB, 
and Bl). Mediastinal fat invasion was more often seen 
in thymic carcinomas than in low- risk thymomas. 

In the review of MRI of 64 patients with thymic epi- 
thelial tumors, foci of low signal intensity in the mass 
on T2 -weighted images and mediastinal lymphade- 
nopathy were highly suggestive of thymic carcinomas 
(Fig. 12.15). Most of foci of low signal intensity within 
the tumor on T2 -weighted images were collagenous tis- 
sue on pathological examinations (Inoue et al. 2006). 

Sadohara et al. (2006) assessed correlation of MR 
findings with three main groups of WHO histologic 
classification: low- risk thymomas (types A, AB, Bl), 
high-risk thymomas (types B2 and B3), and thymic car- 
cinomas. Thymic carcinomas were more likely to have 
irregular contours (75%) than were low- risk thymomas 
(3%) and high-risk thymomas (22%). Complete or al- 
most complete capsule was seen in low-risk thymomas 
(27%) and high-risk thymomas (17%) but not in thymic 
carcinomas (0%). A septum was more frequently seen 
in low-risk (57%) and high-risk thymomas (44%) than 
in thymic carcinomas (8%). A necrotic or cystic com- 
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Fig. 12. 15a, b. Thymic carcinoma. T2-weighted axial (a) and 
coronal (b) MR images show an irregular- shaped mass in the 
anterior mediastinum. The tumor shows heterogeneous signal 
intensity with foci of low signal intensity on T2-weighted im- 




age. Left-sided pleural effusion with drop metastasis (a arrow) 
and mediastinal lymphadenopathy (b arrow) are also demon- 
strated 



ponent was more frequently seen in thymic carcinomas 
(67%) than in low-risk thymomas (20%) and high-risk 
thymomas (28%). Thymic carcinomas had a higher 
prevalence of heterogeneous signal intensity (100%) 
than had low- risk thymomas (33%) and high-risk thy- 
momas (56%). 



12.3.5 
Thymolipoma 

Thymolipoma is a rare benign tumor composed of ma- 
ture fat tissue and normal or involuted thymic tissue. 
The tumors commonly occur low in the anterior medi- 
astinum and often in the cardiophrenic angle. The aver- 
age age of the patients is 22-26 years, and most patients 
are asymptomatic (Rosado-de-Christenson etal. 
1994). 

On CT, thymolipomas appear as well-circumscribed 
masses that contain fat tissue intermingled with linear 
bands of soft tissue. The soft tissue histopathologically 
represents thymic tissue or fibrous septa. The amount of 
fat relative to the thymic tissue is variable. 

On MRI, the fat tissue within the tumors appears as 
an area of high signal intensity, and the soft tissue com- 
ponent appears lower signal intensity bands that course 



through the mass (Rosado-de-Christenson et al. 
1994; Shirkhoda et al. 1987). 



12.3.6 

Thymic Neuroendocrine Neoplasm 

Primary neuroendocrine tumors of the thymus, previ- 
ously known as carcinoid tumors of the thymus, are rare 
and account for less than 5% of all anterior mediastinal 
tumors. Unlike carcinoids arising from the lungs, these 
tumors in the thymus are highly aggressive, and nearly 
80% of cases have been found to be malignant (Chaer 
et al. 2002). Based on histopathological findings, such as 
mitotic count, amount of necrosis, preservation of neu- 
roendocrine architecture, and degree of cytologic atypia, 
Klemm and Moran (1999) have proposed a classifica- 
tion into well- differentiated, moderately differentiated, 
and poorly differentiated neuroendocrine neoplasms 
(Tiffet etal. 2003). 

The mean age of the previously reported cases is 54 
years. Nearly a third of patients are asymptomatic, and 
the remaining patients have symptoms resulting from 
a rapidly expanding mediastinal tumor. At least 20% of 
patients have distant metastases at presentation most 
commonly to the liver, lung, bone, pleura, and pancreas 
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(Chaer etal. 2002). Approximately 40% of patients 
have Cushing syndrome as a result of tumor secre- 
tion of adrenocorticotropic hormone (Doppman et al. 
1989), and up to 20% have multiple endocrine neopla- 
sia (MEN) syndromes I and II (Ferolla et al. 2005). In 
the literature, the overall survival rate at 5 years ranged 
from 31 to 82% (Tiffet et al. 2003). As prognostic fac- 
tors, unresectability and advanced clinical stage have 
been reported to be associated with poor survival (Gal 
etal. 2001). 



Thymic neuroendocrine tumors do not differ signif- 
icantly from thymoma in radiologic findings on CT and 
MRI. Neuroendocrine tumors are more aggressive than 
is thymoma and often presenting in advanced stage, and 
superior vena cava obstruction is much more common 
with this tumor than is with thymoma. On CT or MRI, 
the tumors appear as a lobulated thymic mass with het- 
erogeneous enhancement and central areas of low atten- 
uation secondary to necrosis or hemorrhage and may 
show local invasion (Chaer etal. 2002) (Fig. 12. 16). 
Bone metastases are typically osteoblastic. 




Fig. 12.16a-c. Neuroendocrine tumor. Tl-weighted (a), 
T2 -weighted (b), and Gd-enhanced Tl-weighted (c) images. 
An irregular mass surrounds and displaces the bronchi (small 
arrow), superior vena cava (medium arrow), aorta (large ar- 
row), and pulmonary artery (arrowheads) 
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Mediastinal Germ Cell Tumors 

Germ cell tumors are believed to develop from a germ 
cell during the process of maturation of a primordial 
germ cell into a gamete. The tumors arise not only 
mainly in the gonads, but also in the midline of the 
body, including pineal region, anterior mediastinum, 
retroperitoneum, and sacrococcygeal region (Shi- 
mosato and Mukai 1997). The mediastinum is the 
most common site of extragonadal germ cell tumors. 
The vast majority of mediastinal germ cell tumors arises 
within the anterior mediastinum, within or in the prox- 
imity of the thymus, and only 3% of them arise within 
the posterior mediastinum (Dehner 1983). Germ cell 
tumors include teratoma (mature, immature, and with 
malignant transformation), seminoma, embryonal car- 
cinoma, endodermal sinus tumor, choriocarcinoma, 
and mixed germ cell tumor. Mature teratoma is the 
most common histologic type of mediastinal germ cell 
tumors and accounts for 75% of them. Seminoma is the 
most common malignant subtype. In this text, we di- 
vide mediastinal germ cell tumors into three subgroups: 
teratoma, seminoma, and nonseminomatous malignant 
germ cell tumor. 

Germ cell tumors usually occur in young adults 
(mean age 27 years) (Erasmus et al. 2000). Malignant 
germ cell tumors are more common in men. To make a 
diagnosis of primary mediastinal germ cell tumors, the 
possibility of gonadal germ cell tumors should be clini- 
cally excluded. The important differential point is that 
gonadal germ cell tumors involving the mediastinum 
almost always have concomitant retroperitoneal lymph 
node metastases. 



12.4.1 
Teratoma 

Teratomas contain elements of all three germ cell layers: 
ectoderm, endoderm, and mesoderm and are frequently 
referred to "dermoid cyst," due to the frequent expres- 
sion of the ectodermal component of the teratoma. Ec- 
todermal elements may be represented by skin, teeth, 
and hair; mesodermal elements by bone, cartilage, and 
muscle; and endodermal elements by bronchial, gastro- 
intestinal or pancreatic tissue. Histologically, teratoma 
can be divided into mature teratoma, immature tera- 
toma, and teratoma with malignant transformation. 

Mature teratomas are usually unilocular or mul- 
tilocular cystic lesions and consist predominantly of 
ectoderm elements including skin and its appendages, 



which are followed in order of frequency by bron- 
chial tissue, gastrointestinal mucosa, smooth muscle, 
fat, bone, cartilage, and pancreatic tissue (Shimosato 
and Mukai 1997). The presence of pancreatic tissue 
is unique in teratomas in the mediastinum, while it is 
not seen in those of the gonads. Although mature tera- 
toma is usually silent, symptoms are due to local com- 
pression, rupture, or infection and include chest pain, 
cough, dyspnea, and fever. 

A mature teratoma is a well- demarcated, occasion- 
ally lobulated anterior mediastinal mass on radiographs. 
On CT, mature teratoma most commonly appears as a 
well-defined cystic lesion containing fluid, soft tissue, 
and fat attenuation. Calcifications of various morpho- 
logical configurations also may be present within the 
lesion, and a tooth or a part of bone is rarely seen. Com- 
mon combinations of internal components of mature 
teratomas include soft tissue, fluid, fat, and calcium in 
39%; soft tissue, fluid, and fat in 24%; and soft tissue and 
fluid in 15% of cases (Moeller et al. 1997). In 15% of 
cases, mature teratomas appear as nonspecific cystic 
lesions without fat or calcium. However, a capsule of 
teratoma is characteristically thickened, whereas that of 
other cystic lesions in the mediastinum is usually thin 
(Takahashi et al. 1998). 

MRI typically demonstrates heterogeneous signal 
intensity, representing various internal elements, and 
this finding can be useful in differentiating teratomas 
from thymomas and lymphomas (Erasmus et al. 2000; 
Drevelegas etal. 2001). The soft tissue elements re- 
veal isointensity with muscle, cystic components show 
low intensity on Tl -weighted images and high intensity 
on T2-weighted images, and fat elements appear as a 
high intensity area on Tl -weighted images (Figs. 12.17, 
12.18). The finding of a fat-fluid level within the lesion 
on MRI is diagnostic of a teratoma. 

Mediastinal mature teratomas may be associated 
with complications such as atelectasis or obstructive 
pneumonitis due to airway compression, pneumonitis 
due to rupture into the lung, and effusion due to rup- 
ture into the pleural space or pericardium. Nearly 30% 
of mature teratomas have been reported to rupture into 
lung, pleural space, and pericardium and fat within 
these adjacent structures suggests this complication 
(Sasaka et al. 1998). Proteolytic or digestive enzymes 
derived from the tumor have been considered the cause 
of tumor rupture (Drevelegas et al. 2001). 

Immature teratomas show various adult tissues de- 
rived from three germinal layers, but in addition, contain 
immature tissue, most commonly, primitive neuroepi- 
thelial tissue. Teratomas with malignant transformation 
contain foci of frankly malignant neoplasms such as 
angiosarcoma, rhabdomyosarcoma, adenocarcinoma, 
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Fig. 12.17a-c. Mature teratoma. A mass encapsulated with a 
thick wall is demonstrated in the right paracardiac region. The 
mass consists of areas of low and intermediate signal intensity 
on the Tl -weighted image (a) and entirely shows high signal 
intensity on the T2-weighted image (b). Calcification within the 
lesion appears as ring-like low signal intensity {arrow b). (c) The 
contrast-enhanced Tl -weighted image with fat suppression the 
fat component within the mass shows signal loss, and its thick- 
ened capsule is enhanced 




Fig. 12. 18a, b. Mature teratoma, (a) Tl-weighted image 
shows a mass lesion with a thick wall in the anterior mediasti- 
num. Fat elements appear as a high-intensity area (arrow). Cys- 
tic components within the mass show high signal intensity on 



the T2-weighted image (b). Soft tissue element shows relatively 
low intensity similar to muscle on both Tl-weighted and T2- 
weighted images (short arrows a,b) 
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and squamous cell carcinoma. Most patients with im- 
mature teratoma and other malignant germ cell tumors 
are symptomatic, presenting with fatigue, weight loss, 
chest pain, cough, or dyspnea. Compared with benign 
teratomas, malignant teratomas are more likely to ap- 
pear solid and poorly defined, compress adjacent struc- 
tures, and less often contain fat (Hoffman et al. 1993; 
Strollo and Rosado-de-Christenson 2002). 

Mediastinal growing teratoma syndrome is an un- 
usual phenomenon associated with the treatment of 
malignant teratoma or seminoma. When the lesions 
consist of teratoma and other germ cell tumors and are 
mixed with malignant and benign components, benign 
part of the tumors can enlarge after chemotherapy de- 
spite sterilization of malignant components with nor- 
malization of tumor markers (Afifi et al. 1997; Iyoda 
etal.2000). 



12.4.2 
Seminoma 

Seminoma (mediastinal germinoma) occurs almost ex- 
clusively in males during the period from the second to 
the fourth decade. Macroscopically, the tumor is well 
demarcated, large, and soft. The cut surface of the tu- 
mor is usually homogeneous but may show small foci 
of hemorrhage and necrosis (Shimosato and Mukai 
1997). Symptoms are usually derived from presence of 
invasion to the adjacent mediastinal structures (airways 
and vessels) and include chest pain, shortness of breath, 
and superior vena cava syndrome. 

The tumor appears as a large anterior mediastinal 
mass, which protrudes in one or both sides of the me- 
diastinum. On CT and MRI, the tumor most typically 
appears as a well- demarcated anterior mediastinal mass 
lesion with homogeneous internal attenuation and sig- 
nal intensity that shows only slight enhancement after 
administration of contrast material (Fig. 12.19). Areas 




Fig.12.19a-c. Seminoma. Tl -weighted (a) and T2-weighted 
(b) images show a well- demarcated mass lesion in the anterior 
mediastinum, which reveals homogeneous intermediate signal 
intensity. On the contrast-enhanced image (c), the mass typi- 
cally shows only mild enhancement 
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of degeneration due to hemorrhage and coagulation ne- 
crosis may present but are usually limited (Drevelegas 
et al. 2001; Lee et al. 1989). Calcification and invasion of 
adjacent structures are uncommon (Drevelegas et al. 
2001). Extension into the middle and posterior medi- 
astinum and obliteration of the adjacent fat planes can 
be better evaluated by MRI (Drevelegas et al. 2001). 
Seminoma most commonly metastasizes to bone, lungs, 
liver, and thoracic lymph nodes. 



12.4.3 

Nonseminomatous Malignant 

Germ Cell Tumor 

Nonseminomatous malignant germ cell tumors, in- 
cluding embryonal carcinoma, endodermal sinus (yolk 
sac) tumor, choriocarcinoma, and mixed types, are rare, 
highly malignant tumors that usually occur in young 
adults and are much more common in men than in 
women. Tumors are usually associated with symptoms 



including chest pain, cough, fever, and dyspnea, and oc- 
casional elevation of tumor markers — alpha-fetoprotein 
(AFP) from endodermal sinus tumor, and embryonal 
carcinoma components and human chorionic gonado- 
tropin (HCG) from choriocarcinoma component. 

Tumors usually appear as a large anterior mediasti- 
nal mass on radiographs. On CT, the tumors consist of 
irregular soft tissue and multiple areas of low attenu- 
ation due to cystic necrosis and hemorrhage (Drev- 
elegas et al. 2001; Lee et al. 1989). Obliteration of the 
adjacent fat planes and invasion of the adjacent struc- 
tures may occasionally be seen. Metastases to the re- 
gional lymph nodes and distant sites are also common 
(Shimosato and Mukai 1997). On MRI, the tumors 
typically show internal heterogeneous intensities with 
areas of high signal intensity interspersed with areas 
of low signal intensity (Shimosato and Mukai 1997) 
(Fig. 12.20). Patients with Klinefelters syndrome are 
predisposed to develop germ cell tumors of extrago- 
nadal origin. 




Fig. 12.20a-c. Nonseminomatous malignant germ cell tumor. 
(a) Tl-weighted image shows a mass of intermediate signal in- 
tensity, (b) T2-weighted image typically shows heterogeneous 
signal intensity with areas of low, intermediate, and high signal 



intensity, (c) Contrast-enhanced Tl-weighted image shows lit- 
tle enhancement within the lesion, probably due to prominent 
degeneration by hemorrhage and cystic necrosis 
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Fig. 12.20a-c. (continued) Nonseminomatous malignant 
germ cell tumor, (c) Contrast-enhanced Tl -weighted image 
shows little enhancement within the lesion, probably due to 
prominent degeneration by hemorrhage and cystic necrosis 



Mediastinal Malignant Lymphoma 

Malignant lymphoma accounts for nearly 20% of all 
mediastinum neoplasms in adults and 50% in chil- 
dren. Most often lymphoma involves the mediastinum 
secondary to generalized disease, while a mediastinal 
disease can also be a primary lesion. Hodgkins disease 
is the most common primary mediastinal lymphoma. 
In non-Hodgkins lymphoma, the two most common 
forms of primary mediastinal lymphoma are lympho- 
blastic lymphoma and diffuse large B-cell lymphoma, 
while virtually any histologic type of lymphoma may 
be identified. In addition to intrathoracic nodal disease, 
thymic involvement is also common in primary medi- 
astinal lymphoma. Clinically, most malignant lympho- 
mas of the mediastinum affect individuals younger than 
those with thymoma. Hodgkins disease is staged using 
the Ann Arbor classification, which assesses the extent 
of nodal disease, the presence of extranodal disease, 
and clinical symptoms (Carbone etal. 1971). In non- 
Hodgkins lymphoma, the clinical course depends more 
on histologic grade and parameters, including bulk and 
specific organ involvement than on stage of disease. 



12.5.1 

Hodgkin's Disease 

Hodgkins disease is the most common lymphoma to 
manifest in the mediastinum and present with medi- 
astinum adenopathy. Commonly involved lymph nodes 
are prevascular and paratracheal lymph nodes, follow- 
ing by hilar nodes, subcarinal nodes, paracardiac nodes, 
internal mammary nodes, and posterior mediastinum 
nodes. In association with mediastinal lymphadenopa- 
thy, Hodgkins disease also has a predilection to thymic 
involvement. Most patients are young female adults. 

In the histologic subtypes, nodular sclerosis is by 
far the most common subtype and is characterized by 
orderly bands of interconnecting collagenous connec- 
tive tissue that partially or entirely subdivides abnormal 
lymphoid tissue into isolated cellular nodules. The cel- 
lular proliferation within the nodules is polymorphic, 
with small and large lymphocytes, plasma cells, eosino- 
phils, and histiocytes. The distinctive feature is the pres- 
ence of Reed-Sternberg cells (Shimosato and Mukai 
1997). 

On CT, involved nodes are commonly well defined 
and of homogeneous soft tissue attenuation, while cys- 
tic and necrotic changes are identified within the nodes 
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in 10-21% of cases (Pombo et al. 1994). Thymic in- 
volvement is another common manifestation of Hodg- 
kihs disease and thymic enlargement is seen in 40% of 
adult patients. Typically, thymic lesions manifest as an 
anterior mediastinal mass of homogeneous soft tissue 
attenuation, which shows gradually increasing mild to 
moderate contrast enhancement on CT. Direct exten- 
sion of mediastinal lesion to the adjacent lung or chest 
wall is not uncommon in extensive mediastinal disease. 
Spread of lymph node disease is commonly contigu- 
ous to the adjacent lymph node groups, while skipping 
lymph node groups is unusual. 

On T2 -weighted MR images, involved nodes usu- 
ally demonstrate homogeneous high signal intensity 
greater than that of muscle and similar to that of fat 
(Rahmouni et al. 2001). The lesions of Hodgkihs dis- 
ease may reveal heterogeneous pattern with mixed areas 
of high and low signal intensity on T2-weighted images, 
which is typical of nodular sclerosing Hodgkihs disease 
with its histological feature comprising fibrotic areas 



interspersed with more cellular areas. A thymic cyst 
may be present in association with Hodgkihs disease 
(Fig. 12.21). 



12.5.2 

Lymphoblastic Lymphoma 

Lymphoblastic lymphoma mainly occurs in children 
and adolescents. Most tumors have features of thymic 
T cells on immunologic studies. Although lympho- 
blastic lymphoma and acute lymphoblastic leukemia 
show overlapping clinical, pathologic, cytogenetic, and 
molecular features, lymphoblastic lymphoma has no 
or minimal peripheral blood or bone marrow involve- 
ment, and lymphoblastic leukemia has predominant 
features of bone marrow and hematologic involvement 
(Shimosato and Mukai 1997). Typically, patients pres- 
ent with respiratory distress and superior vena cava 




Fig. 12.21a-d. Hodgkin's disease 
associated with a thymic cyst. A solid 
lesion of Hodgkin's disease {small ar- 
rows) and a thymic cyst are seen. On 
the Tl -weighted image (a), the lesion of 
Hodgkin's disease shows intermediate 
signal intensity similar to muscle, and 
the thymic cyst consists of a lateral por- 
tion of high signal {medium arrow) and 
medial portion of low signal intensity 
{large arrow). On the T2-weighted 
image (b), Hodgkin's disease shows 
intermediate signal intensity {small 
arrow), whereas the thymic cyst shows 
high signal intensity {large arrow) 
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Fig. 12.21a-d. (continued) (c) On the 
contrast-enhanced image, the lesion of 
Hodgkins disease {small arrow) shows 
enhancement, whereas the thymic cyst 
does not. (d) On the diffusion-weighted 
image (b = 1,000), prominent increase 
in signal is seen in Hodgkins disease 
(small arrow) 



syndrome due to a large mediastinal mass (Picozzi and 
Coleman 1990). 

The most common CT appearance is a large me- 
diastinal mass, representing thymic and lymph node 
enlargement, which compresses the airway and cardio- 
vascular structures. Low- attenuation areas reflecting ne- 
crosis are commonly seen after contrast enhancement. 
Pleural and pericardial effusions are also frequent. Pleu- 
ral effusions may allow diagnosis with thoracentesis 
(Link 1985). Lymphoblastic non-Hodgkins lymphoma 
has a predilection toward rapid dissemination, and the 
tumor spreads to extrathoracic lymph nodes, bone mar- 
row, central nervous system, and gonads in extensive 
disease (Hamrick-Turner et al. 1994). Since recur- 
rence occurring 2-4 years after therapy is not unusual 



in lymphoblastic lymphoma, meticulous follow-up is 
necessary (Hamrick-Turner et al. 1994). 



12.5.3 

Primary Mediastinal 

Diffuse Large B-Cell Lymphoma 

Primary mediastinal diffuse large B-cell lymphoma 
has recently been described as a distinct subtype of 
non-Hodgkins lymphoma (Tateishi et al. 2004). Im- 
munopathologic examination shows most tumors to be 
of B-cell origin. The majority of tumors tend to occur 
in young to middle-aged adults, with a mean age of 30 
years (Shaffer et al. 1996). Common symptoms in- 
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elude dyspnea, cough, chest pain, malaise, and fever, and 
superior vena cava syndrome occurs in nearly 40% of 
patients. 

The tumors appear as a large, smooth or lobulated, 
anterior mediastinal mass in nearly all patients. Average 
diameters were 10 cm or bigger (Shaffer et al. 1996). 
On CT, the tumors show low- attenuation areas, repre- 
senting hemorrhage, necrosis, or cystic degeneration in 
50% of cases and heterogeneous enhancement in about 
40% of cases (Tateishi et al. 2004; Shaffer et al. 1996). 
The tumors are large and commonly invade the adja- 
cent mediastinal structures, chest wall, and lung. Pleural 
and pericardial effusions are seen in about a third. 

In one study of 21 patients, mediastinal lymph node 
enlargement is seen in 67% of patients, but extratho- 
racic lymph node enlargement is unusual (Tateishi 
et al. 2004). The most commonly involved lymph nodes 
in the mediastinum are anterior mediastinum and para- 
tracheal nodes, which are followed by the subcarinal, 
hilar, internal mammary, pericardial, and posterior me- 



diastinal nodes in order of decreasing frequency (Cas- 
tellino et al. 1996) (Fig. 12.22). 



12.5.4 

MRI of Lymphoma 

Generally, lymphomas are relatively homogeneous on 
MRI, and are hypointense to fat and slightly hyperin- 
tense to muscle in Tl -weighted images but isointense 
to fat and hyperintense to muscle in T2-weighted im- 
ages (Negendank et al. 1990). A unique finding with 
greater brightness in T2 -weighted images was seen in 
lymphomas with dense fibrosis, which contributes to 
the greater brightness of Hodgkins disease than that of 
non-Hodgkins lymphomas. The increased brightness 
of lymphomas is considered not caused by the fibrosis 
itself but by some other tissue element that has a very 
long T2 value, including edema, a greater proportion 
of vascular space, and inflammation (Negendank 




Fig. 12.22a, b. Anaplastic diffuse large 
B-cell lymphoma. Tl -weighted (a) and 
T2-weighted (b) images show multiple 
enlarged lymph nodes in the anterior 
mediastinal, paratracheal, and posterior 
mediastinal regions. 
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et al. 1990). If the initial mass shows high signal on T2- 
weighted images, the likelihood of recurrence might be 
higher (Nyman et al. 1989). 

In mediastinal lymphomas, a residual mass is com- 
mon after treatment, especially in cases with a bulky 
initial mass, and MRI provides important information 
in distinguishing viable tumors from residual benign 
masses. Residual tumors can reveal various signal pat- 
terns on Tl- and T2- weighted MR images. Heteroge- 
neous signal intensity on T2 -weighted images is seen in 
both residual and sterilized tumors. High signal inten- 
sity on T2 -weighted images and low signal intensity on 
Tl -weighted images may represent residual active lym- 



phoma, areas of necrosis, and inflammation. In the mass 
lesions of sterilized tumors, heterogeneous signal pat- 
tern on T2- and Tl -weighted images represents mixed 
fat and fibrous tissue. Inactive residual fibrotic masses 
characteristically show homogeneous hypointensity 
(Rahmouni et al. 1990, 1993). The use of Gd-enhanced 
MRI is also useful. In a study of 3 1 patients with bulky 
mediastinal lymphoma (17 with Hodgkins disease and 
24 with non- Hodgkins lymphoma), enhancement of 
mediastinal masses in lymphoma decreases markedly 
after treatment in patients in complete remission but 
not in patients with relapse (Rahmouni etal. 2001) 
(Fig. 12.23). 




Fig. 12.23a-d. A residual mass 
of non-Hodgkins lymphoma after 
chemotherapy. Tl -weighted (a) and 
T2 -weighted (b) images show a well- 
demarcated mass of low signal intensity 
in the anterior mediastinum (arrow). 

(c) The diffusion-weighted image 

(b = 1,000) does not show a significant 
increase in signal intensity (arrow). 
Contrast-enhanced Tl -weighted image 

(d) shows little enhancement (arrow). 
Overall, the findings suggest the nonvi- 
able nature of the residual mass 
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Fig.12.23a-d. (continued) A residual 
mass of non-Hodgkins lymphoma 
after chemotherapy, (c) The diffusion- 
weighted image (b = 1,000) does not 
show a significant increase in signal 
intensity {arrow). Contrast-enhanced 
Tl -weighted image (d) shows little 
enhancement (arrow). Overall, the find- 
ings suggest the nonviable nature of the 
residual mass 



Neurogenic Tumor 



5.8 years for neuroblastoma, 8.4 years for ganglioneuro- 
blastoma, 19.6 years for ganglioneuroma, 29.7 years for 
neurofibroma, and 38 years for schwannoma. 



Neurogenic tumors account for approximately 9-20% of 
primary mediastinal neoplasms in adults and 29-35% 
in children (Strollo et al. 1997; Ribet and Cardot 
1994). Nearly 90% of neurogenic tumors occur in the 
posterior mediastinum. Tumors arise from peripheral 
nerves and nerve sheaths (schwannoma, neurofibroma, 
malignant peripheral nerve sheath tumor), sympathetic 
ganglia (neuroblastoma, ganglioneuroblastoma, gangli- 
oneuroma), and rarely parasympathetic ganglia (para- 
ganglioma). Nerve sheath tumors are more common in 
adults, whereas sympathetic ganglia tumors are more 
common in children. The mean age at diagnosis was 



12.6.1 

Peripheral Nerve Sheath Tumors 

Peripheral nerve sheath tumors of the mediastinum 
usually arise from intercostal nerves and rarely from the 
vagus, phrenic, or recurrent nerve. Schwannomas are 
encapsulated and arise from the nerve sheath. Neuro- 
fibromas are non-encapsulated and result from a disor- 
ganized proliferation of all nerve elements. Malignant 
peripheral nerve sheath tumors represent the malignant 
counterparts of schwannomas and neurofibromas and 
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nearly 50% of them occur in patients with neurofibro- 
matosis. 

Schwannoma and neurofibroma typically appear as 
smooth, well-defined, rounded, or elliptical masses in 
the paravertebral region or along the course of other 
nerves (Fig. 12.24). Paravertebral tumors may extend 
into the spinal canal. On MRI, peripheral nerve sheath 
tumors typically show slightly higher signal intensity 
than shows muscle on Tl -weighted images, and mark- 
edly increased intensity on T2 -weighted images (Burk 
et al. 1987; Sakai et al. 1992). On T2-weighted images, 
schwannomas occasionally reveal central high inten- 
sity due to cystic degeneration, whereas neurofibromas 
show central low intensity and peripheral high intensity 



("target sign"), representing central tumor tissue and 
peripheral myxoid degeneration (Sakai et al. 1992). 
Neurofibromas may be associated with von Reckling- 
hausen's disease. Plexiform neurofibroma is pathogno- 
monic of von Recklinghausen's disease and appears as 
an extensive fusiform or infiltrating mass (Fig. 12.25). 

Malignant peripheral nerve sheath tumors appear as 
a rounded well-defined mass in the posterior mediasti- 
num, but may locally invade mediastinal structures and 
adjacent chest wall (Strollo et al. 1997). Hematog- 
enous metastases occur most commonly to the lung. 
Cystic degeneration due to hemorrhage and necrosis 
may be seen within the lesions. 



a fcj 





Fig. 12.24a-c. Schwannoma with cystic degeneration. Tl- 
weighted (a) and T2-weighted (b) axial MR images show a 
well-defined mass at the paravertebral region. A fluid-fluid 
level is seen within the mass (arrow), suggesting cystic nature 
of the lesion. Tl -weighted coronal image (c) shows flat defor- 
mity of the adjacent rib (arrow), representing pressure erosion 
by the mass, which suggests the cyst to result from cystic de- 
generation of a preexisting solid lesion 
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Fig. 12.25. Plexiform neurofibroma in neurofibromatosis 
type 1 (von Recklinghausen's disease). T2 -weighted coronal 
image shows an extensive fusiform mass around the trachea 

(arrows) 



12.6.2 

Sympathetic Ganglia Tumors 



On MRI, ganglioneuroma commonly shows low sig- 
nal intensity on Tl -weighted images and heterogeneous 
high signal intensity on T2 -weighted images. The het- 
erogeneous high signal intensity on T2 -weighted images 
of ganglioneuroma has been considered to result from 
a combination of myxoid material and relatively low 
amounts of ganglion cells (Ichikawa et al. 1996; Serra 
etal. 1992; Sakai et al. 1992) (Fig. 12.26). Ganglioneu- 
roma does not typically show early enhancement at dy- 
namic MR study but does accumulate contrast material 
over time (Lonergan et al. 2002; Ichikawa et al. 1996; 
Sakai et al. 1992) (Fig. 12.27). A ganglioneuroma con- 
taining a fat component has rarely been reported and is 
considered to result from spontaneous regression of the 
tumor with subsequent infiltration of fat tissue from the 
mediastinum (Hara et al. 1999) (Fig. 12.26). 

Neuroblastoma and ganglioneuroblastoma are 
of relatively low signal intensity on Tl -weighted im- 
ages and high signal intensity on T2 -weighted images 
(Figs. 12.28, 12.29). And, they typically show hetero- 
geneous signal pattern due to hemorrhage and cystic 
change within the lesions, which manifest as areas of 
high signal intensity on Tl- and T2- weighted images, 
respectively (Lonergan et al. 2002). 

MRI has a few advantages over CT: in the evaluation 
of intraspinal extension of primary tumor, in detection 
of marrow disease, and detection of diffuse hepatic me- 
tastases (Abramson 1997; Couanet et al. 1988; King 
etal. 1975; Siegel etal. 1986). MR well demonstrates 
the range of extension of epidural tumor and its ana- 
tomical relation to the spinal cord and nerve roots. MR 
can depict marrow disease, which shows low signal on 
Tl -weighted images and high signal on T2-weighted 
images. 



Neuroblastoma, ganglioneuroblastoma, and ganglion- 
euroma are tumors of the sympathetic nervous system 
and they originate from the primordial neural crest cells 
that form the sympathetic nervous system. Ganglioneu- 
roma and ganglioneuroblastoma arise most commonly 
from the sympathetic ganglia in the posterior mediasti- 
num. Fifty percent of neuroblastomas arise from the ad- 
renal gland, and nearly 30% arise in the mediastinum 
(Strollo et al. 1997). Ganglioneuroma is the most 
benign tumor, which is composed of gangliocytes and 
mature stroma; ganglioneuroblastoma is of intermedi- 
ate malignant potential and has both mature ganglio- 
cytes and immature neuroblasts; and neuroblastoma is 
the most malignant tumor of the three and composed 
primarily of neuroblasts. Ganglion cell tumors typically 
appear as a paravertebral mass elongated along the me- 
diastinum. 



12.6.3 
Paraganglioma 

Paraganglioma is a rare tumor originating from para- 
ganglionic cells and accounts for 4% of thoracic neu- 
rogenic tumors (Reed et al. 1978). The mediastinal 
paragangliomas predominantly arise in two locations, 
around the aortic arch (aortic body tumors) and in the 
paravertebral region. Aortic body tumors may occur in 
the following four locations: lateral to the brachiocepha- 
lic artery, anterolateral to the aortic arch, at the angle of 
the ductus arteriosus, or above and to the right of the 
right pulmonary artery (Olson and Salyer 1978). 

The appearance of thoracic paragangliomas is simi- 
lar to that of paragangliomas seen in other locations, 
and the tumors are of intermediate signal intensity on 
Tl -weighted images and high signal intensity on T2- 
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Fig. 12.26a, b. Ganglioneuroma. Tl-weighted image (a) 
shows a paravertebral mass of low signal intensity similar to 
muscle, which contains areas of high signal, representing me- 
diastinal fat within the mass. On T2-weighted coronal image 
(b), the mass shows heterogeneous high signal intensity, which 
may result from prominent myxoid material and low amounts 
of ganglion cells 





Fig. 12.27a, b. Ganglioneuroma. Early phase (a) and equilibrium phase (b) of contrast-enhanced dynamic study. The mass shows 
no apparent enhancement in the early phase (arrow a) but homogeneous enhancement on the equilibrium phase {arrow b) 
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Fig. 12.28a, b. Ganglioneuroblastoma. A right paravertebral mass shows low signal intensity on Tl -weighted image (a) and high 
signal intensity on T2- weighted image (b) {arrow). Ganglion cell tumor typically arises anteriorly alongside the vertebral body 




Fig. 12.29a,b. Neuroblastoma. Tl -weighted (a) and T2-weighted (b) images show a huge left paravertebral mass. The mass is 
low in signal intensity on Tl -weighted image and high on T2- weighted image 
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Fig. 12.30. Mediastinal goiter. A thyroid mass extends into 
the anterior mediastinum. The mass shows intermediate signal 
intensity with foci of high intensity (arrow), representing hem- 
orrhage or cystic necrosis 



weighted images (Balcombe et al. 2007; Olsen et al. 
1987). Smaller masses tend to have uniform intensity, 
whereas larger tumors more likely reveal heterogeneous 
appearance due to necrosis. Since paragangliomas are 
typically hypervascular, tumors generally reveal intense 
enhancement on CT or MRI after administration of in- 
travenous contrast (Balcombe et al. 2007; Spizarny 
etal. 1987). Numerous serpiginous vascular channels 
may be seen within the large tumors. 



Other Mediastinal Diseases 

12.7.1 

Mediastinal Goiters 

Intrathoracic goiters usually result from direct contigu- 
ous extension into the mediastinum from thyroid le- 
sions, which are most commonly benign multinodular 
goiter. Thyroid carcinoma and thyroid enlargement due 
to thyroiditis may also extend into the mediastinum. 
Intrathoracic extension of thyroid masses is commonly 



into the anterior mediastinum (in 80%) and anterior to 
the recurrent laryngeal nerve and the brachiocepha- 
lic vessels. Posterior mediastinal extension of goiters 
is nearly 10-25% (Katlic et al. 1985; Shahian and 
Rossi 1988). 

On Tl -weighted MR images, the masses usually 
show intermediate signal intensity similar to muscle and 
occasionally can show high signal regions, representing 
hemorrhage or colloid cyst formation (Higgins et al. 
1986; Gefter et al. 1987). On T2- weighted images, the 
masses usually show heterogeneous intensity. Continu- 
ity of the mediastinal mass with the thyroid gland in the 
neck is an important diagnostic clue and MRI is gener- 
ally useful in its evaluation (Fig. 12.30). 



12.7.2 

Ectopic Parathyroid Gland 

Parathyroid glands are located near the thyroid gland in 
90% of cases and are ectopic in nearly 10% of cases. In a 
review of ectopic parathyroid glands, 81% are located in 
the anterior mediastinum and 19% are in the posterior 
mediastinum (Clark 1988). 

Generally, parathyroid adenomas are of intermediate 
signal intensity on Tl -weighted images, and prominent 
high signal intensity on T2-weighted images (Spritzer 
et al. 1987). Due to fibrosis and hemorrhage, nearly 10% 
of abnormal glands do not show high signal intensity 
on T2- weighted images (Spritzer et al. 1987). 



12.7.3 

Fibrosing Mediastinitis 

Fibrosing mediastinitis is a rare disease, manifested by 
chronic inflammation and fibrosis that focally or dif- 
fusely involves the mediastinum. The most common 
causes of fibrosing mediastinitis are histoplasmosis and 
tuberculosis, but it can also be related to autoimmune 
disease, or radiation therapy, retroperitoneal fibrosis, 
methysergide therapy, or may be idiopathic (Mole et al. 
1995). Histoplasmosis infection typically results in focal 
disease, whereas the idiopathic type is usually diffuse. 
Complications result from obstruction of various me- 
diastinal structures, most commonly the superior vena 
cava (39%), which is followed by the bronchi (33%), pul- 
monary artery (18%), and esophagus (9%) (Sherrck 
et al. 1994). The most common clinical symptoms are 
related to the superior vena cava syndrome: headache, 
cyanosis, and puffiness of the face, neck, and arms 
(Schowengerdt et al. 1969). 
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CT shows the enlarged calcified nodes most com- 
monly in the right paratracheal region, whereas other 
regions such as the left paratracheal, subcarinal, or pos- 
terior mediastinal may also be involved (Sherrck et al. 
1994). Calcification is rare in the diffuse form, which 
typically shows a diffuse increase in attenuation of the 
mediastinal fat tissue. CT is useful for assessing the 
involvement of mediastinal structures: narrowing and 
compression of superior vena cava, airway, pulmonary 
arteries, and veins. Although MRI and CT are equivalent 
in assessing the extent of adenopathy or fibrosis, MR al- 
lows for assessment of vascular involvement without 
contrast material. On MRI, fibrosing mediastinitis com- 
monly shows heterogeneous signal intensity on Tl- and 
T2-weighted images (Rossi etal. 2001). Markedly de- 
creased signal intensity on T2 -weighted images is occa- 
sionally seen due to fibrosis and calcification within the 
lesions (Rholl et al. 1985). The major disadvantage of 
MR is that it cannot confidently identify calcification. 



12.7.4 

Extramedullar Hematopoiesis 

Extramedullary hematopoiesis is typically seen in pa- 
tients with severe hemolytic anemia and intrathoracic 
manifestations appear as multiple lobulated paraverte- 
bral masses. On CT, they appear as well-defined mul- 
tiple masses of homogeneous soft tissue attenuation and 
may show areas of fat attenuation (Glazer et al. 1992). 
On Tl -weighted MR images, the masses show hetero- 
geneous signal intensity with increased signal intensity 
due to the contained fat tissue. 
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KEY POINTS 



The different appearances of pneumonia such as 
ill-defined nodules, ground-glass opacities, and 
consolidations can be easily detected and differ- 
entiated with MRI. Since very small nodules and 
calcifications are extremely challenging due to 
rather thick slices and loss of signal, MRI is highly 
recommended as a follow-up tool, to avoid repeti- 
tive investigations using ionizing radiation. With 
the sensitivity of T2 -weighted sequences and the 
potential of contrast-enhanced Tl -weighted se- 
quences important differential diagnostic consid- 
erations can be provided. Additionally, developing 
complications, such as pericardial or pleural effu- 
sions, empyema or lung abscess, are easily recog- 
nized. Current and future studies are to demon- 
strate that MRI is well suited as a monitoring and 
follow-up tool during and after therapy and com- 
pares favorably with CT or other imaging methods 
regarding sensitivity and specificity. 



Definition 



R. Eibel, MD 

Chief of the Department of Radiology and Neuroradiology, 
HELIOS Clinics Schwerin, Teaching Hospital of the University 
of Rostock, Wismarsche Str. 393, 19049 Schwerin, Germany 



Pneumonia is an infection of the gas -exchanging units 
of the lung, caused most commonly by bacteria but oc- 
casionally by viruses, fungi, parasites, and other infec- 
tious agents. 

Pneumonia is the sixth leading cause of death in the 
United States, and the leading cause of death from infec- 
tious disease (Niederman et al. 2001). In hospitalized 
patients, particularly those who are mechanically ven- 
tilated, pneumonia is the leading cause of death from 
nosocomial infection (Campbell et al. 1996). 
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Pathogenesis 

Pneumonia can result whenever the pulmonary defense 
mechanisms are impaired or whenever the resistance of 
the host in general is lowered. Factors that affect resis- 
tance in general include: 

• Chronic diseases 

• Immunologic deficiency 

• Treatment with immunosuppressive agents 

• Leukopenia 

• Unusually virulent infections 

The clearing mechanisms can be interfered with by 
many factors, such as the following: 

• Loss or suppression of the cough reflex (coma, 
drugs) 

• Injury to the mucociliary apparatus (cigarette 
smoke, gas inhalation, viral diseases) 

• Interference with the phagocytic or bactericidal ac- 
tion of alveolar macrophages (alcohol, smoke) 

• Pulmonary congestion and edema 

• Accumulation of secretions (cystic fibrosis, bron- 
chial obstruction) 

Some other points need to be emphasized, before lis- 
tened up the different classification schemes. (1) One 
type of pneumonia sometimes predisposes to another, 
especially in debilitated patients. (2) Although the por- 
tal of entry for most pneumonias is the respiratory tract, 
hematogenous spread from one organ to other organs 
can occur. (3) Many patients with chronic disease ac- 
quire terminal pneumonias while hospitalized. 



Classification 

Pneumonias are classified by the specific etiologic agent, 
who determines the treatment, or, if no pathogen can 
be isolated, by the clinical setting in which the infection 
occurs. Below the different entities of the pneumonia 
syndromes are briefly discussed to clarify the terms and 
the characteristics and the peculiarities. 



13.3.1 

Community Acquired Acute Pneumonia (CAP) 

CAP may be bacterial or viral. Often, the bacterial infec- 
tion follows an upper respiratory tract viral infection. 



Bacterial invasion of the lung parenchyma causes the 
alveoli to be filled with an inflammatory exudate, thus 
causing consolidation of the pulmonary tissue (Hus ain 
and Kumar 2005). Predisposing conditions include ex- 
tremes of: 

• Age 

• Chronic diseases (congestive heart failure, COPD, 
and diabetes) 

• Congenital or acquired immune deficiencies 

• Decreased or absent splenic function (post splenec- 
tomy, sickle cell disease) 

It is beyond the scope of this book chapter, to describe 
the different pneumonias caused by various organisms, 
but with regard to magnetic resonance imaging it is 
necessary to mention the different morphologic fea- 
tures common to most pneumonias. 

According to the anatomic distribution in the lung, 
the two major categories are lobar versus bronchopneu- 
monia. Lobar pneumonia is a classic manifestation of 
pneumococcal pneumonia in which an entire lobe is 
affected by the inflammatory infiltrate, with extension 
up to the pleura or a major fissure. In patients with this 
type, the stages of pneumonia progress from: 

• Edema to 

• Red hepatization (alveolar fibrin, neutrophils, lym- 
phocytes, and pneumocyte hyperplasia) 

• Gray hepatization (predominantly neutrophilic in- 
filtrates with lysis of erythrocytes and inflammatory 
cells) 

• Resolution (organizing pneumonia, macrophages, 
proliferation of loose connective tissue in distal air- 
spaces) 

The basic radiographic pattern of this type of pneumo- 
nia is a homogeneous consolidation with or without air 
bronchogram. The consolidation is bounded by fissure 
and in contrast to an atelectasis no shrinkage or volume 
loss can be delineated in the acute phase. 

Bronchopneumonia is also known as lobular or focal 
pneumonia. It is characterized by centrilobular inflam- 
mation that is concentrated around respiratory bronchi- 
oles, with spread to the surrounding alveolar ducts and 
alveolar spaces. When lobular pneumonia becomes con- 
fluent, it may be difficult to separate from lobar pneu- 
monia. From a clinical standpoint it is sometimes diffi- 
cult to apply these classic categories. More important for 
imaging is the determination of the extent of disease and 
the delineation of complications such as abscess forma- 
tion, empyema, organization, and dissemination. 

Common radiographic findings are nodular and 
patchy patterns due to involvement and sparing of acini. 
Sometimes volume loss can be found. 
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13.3.2 

Community-acquired Atypical 

Pneumonias 

The term "atypicaV refers to the following findings: 

• Moderate amount of sputum 

• No physical findings of consolidation 

• Only moderate evaluation of white cell count 

• Lack of alveolar exudate 

Most commonly this type of pneumonia is caused by 
Mycoplasma pneumoniae, viruses, and Chlamydia pneu- 
moniae. These agents produce primarily an interstitial 
inflammation within the walls of the alveoli, resulting 
in thickening of the alveolar septa, later fluid accumula- 
tion and cellular exudate into the alveolar spaces. Super- 
imposed bacterial infection modifies the histologic and 
the subsequent radiologic picture (Husain and Kumar 
2005). 

Interpreting chest films and especially CT, radio- 
graphic patterns which can be found in this category are 
peribronchial thickening, reticular and reticulonodular 
pattern, with filling of the acini ground-glass and some- 
time a crazy-paving pattern. A subsegmental collapse 
additional can be delineated. 



13.3.3 

Nosocomial Pneumonia 

In 1995, the American Thoracic Society published a 
consensus statement defining nosocomial or hospital- 
acquired pneumonia (HAP) as a pneumonia that is: 

• Not incubating at the time of hospital admission 

and 

• Begins more than 48 h after admission (Campbell 

etal. 1996) 

There are 300,000 cases of HAP annually in the United 
States and it carries an associated mortality of 30%-70% 
(McEachern and Campbell 1998). It is common in 
patients with severe underlying disease, prolonged an- 
tibiotics, intravascular devices, and mechanical ventila- 
tion. The last one is also termed ventilator-associated 
pneumonia (VAP). In a prospective study of 1014 
mechanically ventilated patients, VAP developed in 
177 patients. The mean time to onset was 9 days, with 
a median time to onset of 7 days after ICU admission. 
However, when the daily hazard rate of infection was 
calculated, it was estimated to be 3.3% at day 5, 2.3% 
at day 10, and 1.3% at day 15 (Cook et al. 1998). This 
documents a significant decline in pneumonia risk with 
time. Because the risk for pneumonia is so high early 



after intubation, pneumonias beginning within the first 
5 days {early-onset injection) account for 50% of all epi- 
sodes of VAP, and the natural history and pathogens of 
this infection differ from those associated with VAP of 
late onset (Prod'hom et al. 1994). Common isolates 
are Gram-negative bacteria and Staphylococcus aureus. 
Typical radiologic patterns cannot be described. This 
is due to the different circumstances and risk factors, 
which contribute to the development of HAP. The other 
explanations are the different organisms responsible for 
the pneumonia. Within the first days the more common 
organisms are Streptococcus pneumoniae, Moraxella 
catarrhalis, Staphylococcus aureus, and Hemophilus in- 
fluenzae (Craven and Steger 1995). Later on, Gram- 
negative rods predominate. The risk factors for mortal- 
ity from VAP are summarized in Table 13.1. 

Microaspiration of contaminated oropharyngeal se- 
cretions seems to be the most cause of HAP (McEach- 
ern and Campbell 1998). After macroaspiration 
another subtype of pneumonia can occur, termed as- 
piration pneumonia. This resultant pneumonia is partly 
chemical, owing to the extremely irritating effects of 
the gastric acid appearing like pulmonary edema, and 
partly bacterial (from the oral flora). This type of pneu- 
monia is often necrotizing, with abscess formation is a 
common complication (Husain and Kumar 2005). As 
radiographic patterns in this particular type of pneumo- 
nia, patchy consolidations in the dependent portions of 
the lungs with a usually multilobar and bilateral distri- 
bution is common. 

Diagnosing HAP is difficult because there is no 
method for obtaining a diagnosis that is reliable in all 
cases. The diagnosis is initially made on clinical grounds 
by the finding of a new infiltrate on chest radiograph, 
fever, purulent sputum, or other signs of clinical deteri- 
oration. Unfortunately, this clinical method was shown 
to be specific for HAP in only 27 of 84 patients in a se- 
ries reported by Fagon et al. (1993) because many other 
conditions such as congestive heart failure, pulmonary 
embolism, atelectasis, ARDS, pulmonary hemorrhage, 
or drug reactions may mimic pneumonia, particularly 
in critically ill patients. While there are many different 
testing modalities that may be employed to this end, 
all have their limitations and none is sufficiently sensi- 
tive and specific to be considered a "gold standard" test 
(Rello etal. 2001). 



13.3.4 

Chronic Pneumonia 

Chronic pneumonia results from granulomatous in- 
flammation, due to bacteria (e.g. Mycobacterium tuber- 
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Table 13.1. Risk factors for an adverse outcome (mortality) 
from ventilator-associated pneumonia (adapted from Nieder- 
man 2004) 



Patient risk factors 



Historical data 

Prolonged mechanical ventilation before pneumonia 

Medical (vs surgical) diagnosis 

Age >60 years 
Physiologic factors 

Underlying fatal or serious illness 

Severe pneumonia (with sepsis or ARDS) 

Coma on admission 

Multiple system organ failure 
Laboratory data 

Bilateral lung infiltrates 



Bacteriologic risk factors 



High-risk pathogen 

Pseudomonas aeruginosa 

Acinetobacter species 

Stenotrophomonas maltophilia 

Methicillin-resistant Staphylococcus aureus 

Antibiotic resistant pathogen, especially 
if acquired during therapy 

Superinfection after a first course of therapy 



Therapy-related risk factors 



Prior antibiotic therapy 

Inadequate initial therapy (organisms not sensitive 
to therapeutic agent) 

Inadequate dose or dose regimen 



culosis) or fungi (e.g. Histoplasma capsulatum, Blasto- 
myces dermatidis, Coccidioides immitis). It is most often 
a localized lesion in the immunocompetent patient. 
Unlike tuberculosis, the above mentioned fungal spe- 
cies are geographic in that it causes disease in particular 
localization in the United States and in Mexico. 

In the lungs these infections produce epithelioid cell 
granulomas, which usually undergo coagulative necro- 



sis and coalesce to produce larger areas of consolidation. 
Also they can liquefy to form cavities. Spontaneously or 
during therapy these lesions can undergo fibrosis and 
concentric calcification. As a consequence the typical 
radiographic appearance of this type of pneumonia is 
the single or multiple lung nodules with or without cal- 
cification. 



13.3.5 

Pneumonia in the 
Immunocompromised Host 

The appearance of a pulmonary infiltrates and signs of 
infection (e.g., fever) is one of the most common and 
serious complications in patients whose immune and 
defense systems are suppressed by disease, immunosup- 
pression for organ transplantation and tumors, or irra- 
diation (Rosenow 1990). 

The host defense system includes physical and chem- 
ical barriers to infection, the inflammatory response, 
and the immune response. Physical barriers, such as 
the skin and mucous membranes, prevent invasion by 
most organisms. Chemical barriers include lysozymes 
and hydrochloric acid. Lysozymes destroy bacteria by 
removing cell walls. Hydrochloric acid breaks down 
food and mucus that contains pathogens. The inflam- 
matory response involves polymorphonuclear leuko- 
cytes, basophils, mast cells, platelets and, to some extent, 
monocytes and macrophages. The immune response 
primarily involves the interaction of lymphocytes 
(T and B), macrophages, and macrophage -like cells and 
their products. These cells may be circulating or may 
be localized in the immune systems tissues and organs 
(Springhouse 2007). Primary immune deficiency dis- 
eases are disorders in which part of the body's immune 
system is missing or does not function properly. In con- 
trast to secondary immune deficiency disease in which 
the immune system is compromised by factors outside 
the immune system, such as viruses or chemotherapy, 
the primary immune deficiency diseases are caused by 
intrinsic or genetic defects in the immune system. 

Primary immunodeficiencies are complex diseases. 
Since each one can be traced to the failure of one or 
more parts of the immune system, one of the more con- 
venient ways to group them is according to the part of 
the immune system that is faulty: 

• B cell (antibody) deficiencies 

• Combined T cell and B cell (antibody) deficiencies 

• T cell deficiencies 

• Defective phagocytes 

• Complement deficiencies 

• Deficiencies/cause unknown 
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Antibody deficiencies can hinder or prevent the immune 
system from recognizing and marking for destruction 
bacteria, viruses and other foreign invaders. X-linked 
agammaglobulinemia, an inherited deficiency that ap- 
pears in the first 3 years of life, leaves infants and young 
children with recurrent infections of the ears, lungs, si- 
nuses and bones, and increased susceptibility to such vi- 
ruses as hepatitis and polio. 

Combined immunodeficiencies occur in people who 
lack the T lymphocytes that develop into killer cells that 
destroy infected cells or become helper cells that com- 
municate with other immune cells. X-linked severe com- 
bined immunodeficiency, most often diagnosed during 
the first year of life, allows organisms that do not affect 
people with healthy immune systems to cause frequent 
and life -threatening infections. 

Complement deficiencies usually involve an absence 
of one or several of the proteins that contribute to the 
complement systems ability to attach to antibody- coated 
foreign invaders. In childhood or early adulthood, a 
complement deficiency can result in severe infections 
such as meningitis, or it can contribute to an autoim- 
mune disease such as lupus erythematosus. 

Phagocytic cell deficiencies result in the inability of 
cells that engulf and kill antibody-coated invaders to act 
efficiently to remove pathogens or infected cells from 
the body. Chronic granulomatous disease, the most se- 
vere form of phagocytic deficiency, usually appears in 
early childhood. It causes frequent and severe infections 
of the skin, lungs and bones, leaving swollen collections 
of inflamed tissue called granulomas. 

In comparison to the secondary, the primary immuno- 
deficiencies syndromes are rare. 

Common conditions associated with secondary im- 
mune deficiency are adapted from Bonilla FA, Secondary 
immune deficiency due to immunosuppressive drugs 
and infections other than HIV (personal communica- 
tion 2008): 

• Immunosuppressive therapy 

— Cytotoxic chemotherapy for malignancy 

— Treatment of autoimmune disease 

— Bone marrow ablation prior to transplantation 

— Treatment or prophylaxis of graft vs host disease 
following bone marrow transplantation 

— Treatment of rejection following solid organ 
transplantation 

• Microbial infection 

— Viral infection 

— HIV, AIDS 

— Measles 

— Herpes viruses 

— Bacterial infection (super antigens) 



— Mycobacterial infection 

— Parasitic infestation 

• Malignancy 

— Hodgkins disease 

— Chronic lymphocytic leukemia 

— Multiple myeloma 

— Solid tumors 

• Disorders of biochemical homeostasis 

— Diabetes mellitus 

— Renal insufficiency/dialysis 

— Hepatic insufficiency/cirrhosis 

— Malnutrition 

• Autoimmune disease 

— Systemic lupus erythematosus 

— Rheumatoid arthritis 

• Trauma 

— Burns 

• Environmental exposure 

— Radiation 

— Ionizing 

— Ultraviolet 

— Toxic chemicals 

• Other 

— Pregnancy 

— Stress 

— Asplenia/hyposplenism 

— Allogeneic blood transfusion 

— Aging 

A wide variety of so-called opportunistic infectious 
agents, many of which rarely cause infection in normal 
hosts, can cause these pneumonias, and often, more 
than one agent is involved. The mortality from these op- 
portunistic infections is high. On the other hand, the list 
of differential diagnoses of such infiltrates is long and 
includes drug reactions, cardiac failure, and involve- 
ment of the lung by tumor or other underlying condi- 
tions. Table 13.2 lists some of the opportunistic agents 
according to their prevalence and whether they cause 
local or diffuse pulmonary infiltrates. The large group 
of immunocompromised patients sometimes is divided 
into AIDS and non-AIDS causes of immunosuppres- 
sion. The types of infection to which HIV-positive pa- 
tients become susceptible vary as cell-mediated immu- 
nity becomes less effective at eradicating viruses, fungi, 
protozea, and facultative intracellular bacteria, such 
as Mycobacterium tuberculosis. Knowledge of the CD4 
lymphocyte count can thus be helpful for interpretation 
of radiologic images in AIDS patients (Marquardt 
and Jablonowski 2003). Table 13.3 gives a short over- 
view of the CD4 counts and corresponding infections. 

As mentioned previously the radiographic patterns 
in most of the cases are not pathognomonic and the pat- 
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Table 13.2. Causes of 


pulmonary 


infiltrates 


in immunocompromised hosts (from Husain and Kumar 2005) 




Causes of pulmonary 


t infiltrates in immunocompromised hosts 




Diffuse infiltrates 






Focal infiltrates 




Common 






Common 




Cytomegalovirus 






Gram-negative rods 




Pneumocystis jiroveci 






Staphylococcus aureus 




Drug reaction 






Aspergillus 




Candida 
Malignancy 




Uncommon 






Uncommon 




Bacteria 






Cryptococcus 




Aspergillus 






Mucor 




Cryptococcus 






Pneumocystis jiroveci 




Malignancy 






Legionella pneumophila 



Table 13.3. Overview of the CD4 counts and corresponding infections 



HIV - Complications at CD4 >500/mm 3 


HIV - Complications at CD4 200-500/mm 3 


Infectious 


Infectious 


Acute retroviral syndrome 


Pneumococcal pneumonia 


Candida vaginitis 


Tuberculosis 


Herpes zoster 


Kaposis sarcoma 


Oral hairy leukoplakia (OHL) 


Oropharyngeal candidiasis (thrush) 


Other 


Non-Infectious 


Generalized lymphadenopathy 


Cervical carcinoma 


Guillain-Barre (very rare) 


Lymphomas 


Vague constitutional symptoms 


Immune thrombocytopenic purpura (ITP) 
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tern approach is limited by underlying and concomitant 
diseases, the severity and time factor of manifestation, 
and treatment. It is frequently impossible for the clini- 
cian to identify the causative organism of a pneumonic 
infiltrate. Narrowing of the etiologic differential diag- 
nosis may be possible using radiologic pattern recogni- 
tion and the integration with clinical and laboratory in- 
formation. Although with pattern recognition, specific 
etiologic diagnoses can hardly ever be established, pat- 
terns help to classify groups of potentially underlying 
organisms. 

As a general rule of thumb, localized segmental or 
lobar aveolar densities can be attributed to typical or 
atypical bacterial infections. Diffuse bilateral interstitial 
and/or interstitial alveolar infiltrates most commonly 
are caused by viruses, atypical bacteria, and protozoa. 
Micro -nodular disease is most often caused by miliary 
tuberculosis (miliary pattern), candidiasis, and histo- 
plasmosis (small nodules), or viruses such as herpes or 
varicella zoster virus (diffuse nodules with hazy bor- 
ders). Large, nodular lesions may represent bacterial ab- 
scesses, and in immuno-compromised patients, may be 
caused by invasive aspergillosis and nocardia. 

In conclusion, the important tasks of imaging the 
lung with respect to pneumonia are: 

• Detection of pulmonary abnormalities 

• Support in narrowing the etiology or differential di- 
agnosis 

• Recognition of developing complications 

• Demonstration of a therapeutic effect (however, ra- 
diographic patterns may change, even deteriorate 
with the immunologic status of the patient) 

Looking at MRI for detection of pneumonia, the next 
part of this chapter is divided into a historical overview 
mentioning older and recent MR imaging concepts and 
a comparison of MRI with CT in the detection of pulmo- 
nary abnormalities suspicious for pulmonary infection. 



MRI - Historical Overview and Imaging 
Concepts 



movement, such as edema, heart diseases, and circula- 
tion problems. Effective MRI section thicknesses at that 
time were approximately 1 cm (Partain et al. 1980). 

James et al. (1982) concluded in a review that, be- 
cause of its limited signal-to-noise ratio and inherent 
low sensitivity, MRI, in many respects, is not comparable 
to CT. But recognition that the information provided is 
fundamentally different from the attenuation of energy 
as in CT is conceptually important. 

One of the first preliminary studies about MRI of 
the thorax was published by Gamsu et al. (1983). The 
study population consisted of 10 normal volunteers 
and 12 adult patients; 9 of these had advanced lung 
cancer, and 3 had nonmalignant lesions of the thorax. 
They were imaged with a 0.35-T superconducting mag- 
net using spin-echo sequences, the individual sections 
were 7 mm thick and adjacent sections were separated 
by 5 mm. Ten patients underwent CT, and all under- 
went chest radiography. In conclusion of the results the 
authors found that hilar masses and lymphadenopathy 
were easily distinguished from blood vessels and hilar 
fat because of differences in Tl time. But the spin-echo 
images and the relaxation times did not show differ- 
ences between tumor and consolidated lung tissue 
(Gamsu etal. 1983). 

In 1984, 33 patients with a variety of chest abnor- 
malities were examined at 0.6-T; 28 of the patients had 
proved malignant disease. In this study population 
Ross et al. (1984) found that MRI was considered to 
be as diagnostic as CT in determining abnormalities in 
15. MR was superior to CT in one patient who had a 
right suprahilar carcinoma. CT proved superior to MRI 
in two patients. One patient had tracheal stenosis and 
one patient had an esophageal carcinoma. Another im- 
portant result in this publication was the detection of 
disadvantages of MRI in chest imaging: 

• Prolonged data acquisition time (the total time 
for an MR study of the chest averaged 1-1.5 h, vs 
30 min for a CT examination) 

• Relatively thick imaging section with associated 
partial volume averaging 

• Failure to visualize calcium 

• Pleural effusions were not easily characterized (Ross 
etal. 1984). 



In the beginning, MRI was an extension of traditional 
NMR spectroscopy in which the quantitative chemical 
analysis of a homogeneous sample is determined by the 
application of magnetic fields. Even in the 1970s and 
1980s the use of MRI to diagnose the presence and ex- 
tent of cancer was an active area of research. Another 
area of clinical interest was the use of proton MRI in 
the diagnosis of diseases, related to water content and 



A more detailed comparison of MRI and CT for the 
staging of bronchogenic carcinoma was performed by 
Webb et al. (1985). They investigated 33 patients with 
histologically proved bronchogenic carcinoma at 0.35-T 
MR using multi-section spin-echo technique. Scanning 
was performed without electrocardiogram (ECG) gat- 
ing. In comparison with CT, MRI provided comparable 
information regarding the presence and size of medi- 
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Table 13.4. Comparison of MRI and CT in 25 patients with chronic infiltrative lung disease (from Muller et al. 1992) 



Findings 


No. of Patients by Imaging Study 






CT 


Tl 


PD 


T2 


Vessels 


Central 


25 


25 


24 


24 


Peripheral 


25 


25 


18 


3 


Airways 


Lobar 


25 


25 


25 


25 


Segmental 


25 


21 


20 


8 


Subsegmental 


25 


8 


5 


4 


Secondary pulmonary lobule 


Interlobular septum or vein 


25 


19 


15 


7 


Centrilobular arteriole 


25 


11 


5 


1 


Interstitial abnormality 


Reticulation 


15 


13 


12 


4 


Honeycombing 


10 


9 


6 





Septal thickening 


16 


12 


11 


4 


Nodules 


6 


5 


6 


5 


Distribution of interstitial abnormalities 


Peribronchovascular 


4 


4 


4 


4 


Peripheral 


11 


10 


10 


9 


Diffuse 


7 


7 


7 


7 


Patchy 


4 


5 


5 


4 


Air-space abnormality 


Ground-glass opacity 


18 


19 


18 


17 


Consolidation 


5 


5 


5 


5 



astinal lymph nodes. Bronchial abnormalities were bet- 
ter seen on CT, primarily because of its better spatial 
resolution. Direct invasion of the mediastinum adjacent 
to a hilar mass was usually better demonstrated on MRI 
because of the ease with which tumor and mediastinal 
vessels could be distinguished. In three of four patients 
who had a surgically proved hilar mass with a periph- 
eral obstructive pneumonia, the central tumor could be 



distinguished from collapsed peripheral lung on MR 
images performed with a repetition time (TR) of 2.0 s. 
The peripheral lung appeared more intense than tumor 
(Webb etal. 1985). 

To find if it is possible to differentiate further various 
causes of pulmonary consolidation with MRI, Moore 
et al. (1986) analyzed patients with pulmonary edema, 
postobstructive pneumonitis, alveolar proteinosis, 
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Pneumocystis pneumonia, lobar nonobstructive pneu- 
monia, pulmonary hemorrhage, and acute radiation 
pneumonitis. The study was performed with a 0.35-T 
MR scanner, using spin-echo pulse sequences with rep- 
etition times of 500 and 2000 ms and echo times (TE) 
of 28 and 56 ms. In summarizing the results, the authors 
could demonstrate that measuring Tl and T2 values the 
different entities showed considerable overlap. The two 
patients with pulmonary alveolar proteinosis showed 
much lower values of Tl, which probably reflects the 
relative absence of water within the airspaces and the 
presence of lipoprotein. In general, Tl and T2 values 
increase in proportion to the water content of fluids or 
tissue, but they are also influenced by the presence of 
lipids and by interaction between water and both large 
and small molecules with which they come in contact 
(Moore et al. 1986). 

High-resolution computed tomography (HRCT) 
had become the gold standard in the evaluation of 
chronic infiltrative lung diseases and it was shown that 
it accurately reflects the pathologic abnormalities. The 
aim of a study from Muller et al. (1992) was to com- 
pare MRI with HRCT in the assessment of these entities. 
All MR studies were performed on a 1.5-T MR imager. 
Cardiac-gated proton density-weighted and relatively 
T2 -weighted images were obtained at two or three RR 
intervals. The slice thickness was 10 mm, with a 1- or 
2 -mm interslice gap. In comparison to this the CT scans 
were obtained by using 1.5-mm collimation scans, and 
10-mm intervals. Table 13.4 summarizes the results. 

As a result, MRI was consistently inferior in the ana- 
tomic assessment of lung parenchyma and in showing 
interstitial abnormalities, particularly fibrosis. Further- 
more, areas of mild interstitial abnormalities seen on 
CT were often not apparent on MRI. But, on the other 
hand, MRI was comparable to CT in the assessment 
of air-space abnormalities. In all patients, areas with 
ground-glass opacities or air-space consolidation on CT 
corresponded to areas of increased signal intensity on 
MRI (Muller et al. 1992). 

Primack et al. noticed that the use of MRI in the as- 
sessment of infiltrative lung disease has been limited by 
the low proton density of lung parenchyma and by loss 
of signal due to motion and the difference in diamag- 
netic susceptibility of air and soft tissue. On the other 
hand, the presence of pulmonary infiltrates leads to a 
marked increase in signal intensity. This is due to both 
the increase in proton density and a decrease in mag- 
netic susceptibility effects. They included 22 consecutive 
patients with idiopathic pulmonary fibrosis, sarcoidosis, 
extrinsic allergic alveolitis, Churg-Strauss syndrome, 
Wegener granulomatosis, necrotizing sarcoid granu- 



lomatosis, hypersensitivity drug reaction, desquama- 
tive interstitial pneumonia-like drug reaction, silicosis, 
lymphangitic carcinomatosis, talcosis, and bronchiolitis 
obliterans organizing pneumonia (BOOP). All patients 
had MRI and open lung biopsy. Ten of the 12 patients 
with parenchymal opacification as the predominant ab- 
normality on MRI had cellular infiltrates pathologically, 
while fibrosis was present in the other 2. This study 
demonstrated that the MRI findings correlate with the 
pathologic findings and that parenchymal opacification 
on MRI usually indicates an inflammatory process, and 
therefore potentially treatable disease. Localized areas 
of fibrosis were easier to identity on CT than on MRI. 
Again, as mentioned in previous studies, these authors 
found out that a major limitation of MRI in the assess- 
ment of infiltrative lung disease was the low spatial res- 
olution compared with HRCT (Primack et al. 1994). 

One of the earlier studies that focused on contrast- 
enhanced pulmonary MRI was published by Harald- 
seth et al. (1999). They reviewed different forms of 
contrast agent enhancement: MR perfusion imaging, 
contrast enhanced MR angiography, and MR ventila- 
tion imaging. In the clinical context of pneumonia they 
included 13 patients. The MR perfusion was obtained 
with a standard low flip-angle gradient-echo sequence 
with an inversion prepulse. The time-intensity curves 
after intravenous application of a gadolinium-based 
non-specific contrast agent showed that in pneumonic 
tissue there was a steep increase without first passage 
peak; the dynamics of the contrast agent passage was 
different from normal lung tissue (Fig. 13.1). The au- 
thors did not suggest replacement of chest X-rays for 
routine pneumonia diagnosis, but in cases where the 
differential diagnosis between pulmonary embolism 
and pneumonia were two main options, patients might 
benefit from an MR perfusion examination (Harald- 
SETHetal. 1999). 

A more detailed description of MRI of the pul- 
monary parenchyma was published by Kauczor and 
Kreitner (1999). As a brief summary of the technical 
considerations the authors noticed the following three 
factors hampering the application of MRI to the lung 
and suggested the following strategies to resolve the 
problems: 

1. Low proton density: This is valid for the normal lung 
parenchyma and especially for lung diseases with 
loss of tissue such as emphysema. In all other lung 
diseases, the amount of tissue, fluid, and/or cells is 
increased. The recommended investigation tech- 
niques are: 

a) Tl -weighted spin-echo sequences with short 
echo times (<7 ms) 
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Fig. 13.1. Time-intensity curves depicting the first passage in 
two patients with pneumonia; in the inflammatory tissue and 
in the contralateral lung (from Haraldseth et al. 1999) 



b) Tl -weighted gradient-echo sequences, such as 
fast low- angle shot (FLASH), with short echo 
times (3 ms) 

c) Higher number of acquisitions 

d) Administration of contrast agents 

2. Signal loss due to physiological motion: 

a) Breath-hold imaging with fast sequences like 
FLASH or half-Fourier acquired single-shot 
turbo spin echo (HASTE) 

b) Respiratory gating with navigating techniques, 
gating in expiration using a belt, and respiratory 
compensation using reordering of phase encod- 
ing 

c) ECG triggering 

3. Susceptibility artefacts because of the multiple air- 
tissue interfaces: As mentioned previously these ar- 
tefacts degrade imaging of normal lung tissue. After 
loss of air and concomitant increase of tissue, cells, 
or fluid significantly reduces the number of air-tis- 
sue interfaces and the degree of susceptibility arte- 
facts: 

a) Use of short echo times for Tl -weighted spin- 
echo or gradient-echo sequences 

b) Use of T2-weighted turbo-spin-echo (TSE) se- 
quences or T2-weighted ultrafast TSE-sequences 
with high turbo factors 



With regard to infiltrations, the authors concluded that 
MRI can be used for the detection and characterization 
of inflammatory pulmonary round infiltrates in immu- 
nocompromised patients. Post-contrast Tl -weighted 
FLASH showed a strongly enhancing, ill-defined round 
infiltration (Fig. 13.2), and with HASTE sequence mod- 
erate signal intensity was found in a patient with bron- 
chopneumonia (Fig. 13.3a-e) (Kauczor and Kreit- 
ner 1999). 

Gaeta et al. (2000) revisited the value of gadolinium- 
enhanced MRI in the evaluation of chronic infiltrative 
lung disease. They found out that the presence of en- 
hancing lesions on gadolinium- enhanced Tl -weighted 
MRI studies may a reliable indicator of inflammation 
and, consequently, indicates potentially treatable dis- 
ease. Their study was performed on a 1.5-T scanner ob- 
taining a spoiled gradient-echo Tl -weighted sequence 
during full inspiration (TR 168 ms, TE 4.8 ms, FA 75°, 
slice thickness 5 mm) (Gaeta et al. 2000). 

Another topic in literature is the differentiation 
between benign and malignant nodular lesions of the 
lung. Growth factors and calcification pattern are only 
two of a noninvasive diagnostic armamentarium to 
separate benign from suspicious lesions, to avoid un- 
necessary invasive tests. To overcome the limitation of 
morphological features Li et al. (2000) included 62 pa- 
tients to evaluated suspicious lung nodules with CT and 
dynamic Gd-DTPA enhanced MRI. Axial Tl -weighted 
images (TR 500 ms, TE 10 ms) with a slice thickness of 




Fig. 13.2. A 45-year-old male patient with invasive aspergillo- 
sis. Post-contrast Tl -weighted FLASH (TR >200 ms, TE = 4 ms, 
FA = 80°) shows a strongly enhancing, ill-defined round infil- 
tration {arrow) (from Kauczor and Kreitner 1999) 
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Fig. 13.3. A 29-year-old female with bilobar pneumonia of the left lung 
and bilateral pleural effusions. A pathogen could not be identified: a X-ray 
of the chest; b helical CT (slice thickness 3 mm), and corresponding MRI 
(HASTE, TE 48 ms, slice thickness 6 mm) in: c axial; d coronal; e sagittal 
direction 
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5 mm at 0, 15, 45, 75, 110, and 140 s, and 3, 5, 8, and 
10 min were obtained. Additional T2- weighted images 
(TR 3000 ms, TE 80 ms) were obtained before contrast 
application. After correlation with pathological find- 
ings they found out that nodular fibrosis, inflammatory 
granulomas, cryptococcoma and inflammatory pseudo- 
tumor had a more or less low rate of contrast uptake. 
On the other hand, focal organizing pneumonia and 
sclerosing hemangioma had a significant and early en- 
hancement. Taking into account that malignant nodules 
are characterized by a fast increase in signal intensity 
during the first pass of the contrast agent (Guckel et al. 
1996), at least some nodular lesions could be excluded 
to be malignant with dynamic MR (Li et al. 2000). 

That further developments in sequence design will 
have potential in imaging the lung parenchyma was in- 
vestigated by Bader et al. (2002) and Rupprecht et al. 
(2002). Bader et al. (2002) included 20 patients with 
pulmonary diseases comprising non-small-cell, and 
bronchio alveolar carcinomas, endobronchial mucoepi- 
dermoid carcinoma, metastases, pneumonia, Wegener's 
granulomatosis, chronic obstructive pulmonary disease, 
arterio -venous malformation, and bronchogenic cyst. 
MRI studies were performed at 1.5 T before and after 
administration of gadolinium using a modified volu- 
metric interpolated breath-hold examination (VIBE) 
(TR 4.6 ms, TE 1.8 ms, FA 15°, effective slice thickness 
4 mm). Their results demonstrated that reproducible 
high image quality with effective suppression of arte- 
facts, high resolution, and visualization of gadolinium 
enhancement could be obtained. Rupprecht et al. 
(2002) performed a study without contrast agent and in- 
vestigated a steady- state free precession sequence (true 
FISP) as a potential alternative to the conventional X-ray 
in pediatric patients with suspected pneumonia. A true 
FISP sequence was chosen because of its high spatial 
resolution and signal-to-noise ratio (S/N) in fluid- and 
thus T2- dominated infectious pulmonary disease. To 
overcome breathing artefacts in this particular patient 
group and to increase the S/N ratio they obtained slice 
thicknesses of 30-55 mm at a 0.2-T low-field MR sys- 
tem. The true FISP sequence had the following param- 
eters: TR 6 ms, TE 3 ms, FA 90°. The acquisition time for 
a triple slice scan was 4.8 s, and the door-to-door time 
was between 10 and 15 min. All pathological findings in 
the conventional chest X-ray could be identified in the 
corresponding MR investigation and the MRI was supe- 
rior in demonstrating pleural and pericardial effusions. 
Two small retro cardial pneumonic infiltrates were noted 
in the MRI only. The authors concluded that this tech- 
nique could represent an alternative to the conventional 
chest X-ray (Rupprecht et al. 2002). Such an alternative 
might be of special interest in children with Nijmegen- 



Breakage-Syndrome. This entity is an autosomal reces- 
sive chromosomal instability syndrome, characterized 
by microcephaly, growth retardation, skin abnormalities, 
immunodeficiency, radiation sensitivity, and a strong 
predisposition to lymphoid malignancy. Because of their 
sensitivity to ionizing radiation X-ray and CT examina- 
tion should be avoided (Alibek et al. 2007). 

Whether it is possible not only to detect but also 
to quantify pulmonary lesions due to pneumococ- 
cal pneumonia was investigated in a murine model 
by Marzola et al. (2005). Infection was induced in a 
group of mice (N = 5) by intranasal administration of 
a suspension containing Streptococcus pneumoniae, 
and a group of noninfected animals (N = 5) was used 
as a control group. Axial, ECG-gated, spoiled GRE im- 
ages with 1.2 mm slice thickness were acquired with a 
4.7-T scanner. After sacrifice and histological evalua- 
tion a good concordance with regard to the anatomical 
localization and a good correlation between the volume 
of the pneumoniae by histology and MRI was found 
(Marzola etal. 2005). 

Another interesting experimental study was pub- 
lished by Tournebize et al. (2006). The aim of this 
work was to prove if MRI is able to provide spatio- 
temporal visualization of edema and inflammation 
caused by Klebsiella pneumoniae induced pneumonia 
in mice. The study was performed with a 7-T scanner. 
After inoculation with avirulent and virulent strains of 
Klebsiella, treatment by bactericidal doses of antibiotics 
was initiated. Images were acquired up to 8 days post in- 
fection. The virulent strain caused an intense inflamma- 
tion within 2 days in the whole lungs, while an avirulent 
strain did not show significant changes. The increase in 
cell density accompanied with extravascular leakage re- 
sults in an increase in high water content detectable by 
MRI. After treatment with antibiotics the inflammation 
disappeared after a week. The lesions observed by MRI 
correlated with the damage seen by histological analysis. 
In summary MRI allows observing the appearance and 
regression of inflammation (Tournebize et al. 2006). 

The next important topic was the investigation of 
the sensitivity of MRI in detecting alveolar infiltrates. To 
provide reliable data, Biederer et al. (2002) performed 
an experimental study using porcine lung explants and a 
dedicated chest phantom to evaluate the signal intensity 
of artificial alveolar infiltrates with Tl- and T2- weighted 
MRI sequences. Ten porcine lung explants were exam- 
ined with MRI at 1.5 T before and after intra-tracheal 
instillation of either 100 or 200 ml gelatine-stabilised 
liquid to simulate alveolar infiltrates. Control studies 
were acquired with helical CT. Table 13.5 summarizes 
the applied MR sequences. 
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After administration of the gelatine-stabilised 
liquid, the CT images demonstrated patchy areas of 
ground-glass opacities in both lungs. The 2D and 3D 
Tl -weighted sequences could not sufficiently visualize 
the infiltrates. In contrast the T2-weighted sequences 
showed clearly visible infiltrates with an increase in sig- 
nal intensity of approximately 30% at 100 ml (p <0.01) 
and 60% at 200 ml (p <0.01). For practical reasons: T2- 
weighted sequences can be highly recommended for 
the delineation of infiltrates in the lung. Tl -weighted 
sequences without intravenous application of contrast 
agents are not sufficient for this task. Because of the ex- 
tremely different acquisition times between HASTE and 
the T2-TSE, the HASTE sequence has to be preferred. 
Table 13.6 overviews the results in detail (Biederer 
etal.2002). 

After these historical and technical developments it 
is necessary to evaluate the potential of MRI in detect- 
ing pneumonia in the immunocompromised patient. 
Especially in this particular group of patients, pneumo- 
nia is an important cause of morbidity and mortality. 
The imaging of infiltrates is very challenging, because 
the immunosuppression decreases the response of the 
lung to infectious agents. On the other hand, the pat- 
terns of pneumonia are highly variable and depend on 
multiple factors, like underlying diseases, time course, 
treatment, e.g. By now, a considerable proportion of 
pulmonary fungal infections is not diagnosed ante mor- 
tem in cancer patients. In addition, especially patients 
after bone marrow transplantation are often younger 



and repetitive CT examinations carry an additional ra- 
diation burden. 

Leutner et al. (2000) tried to find out how MRI 
compares with CT regarding the depiction of typical 
features of pneumonia and the detectability of lesions. 
MR studies was performed with a 1.5-T system and the 
imaging protocol consisted of a transversal T2-weighted 
ultrashort turbo spin-echo sequence (TR 2000-4000 ms, 
TE 90 ms, slice thickness 6 mm, and six numbers of ex- 
citation). In comparison to helical CT (slice thickness 
8 mm) they evaluated presence, number, and location 
of pulmonary infiltrates (nodular, reticular, cysts, cavi- 
tation, consolidation, and ground-glass infiltration). In 
summary, most of the CT and MR examinations (75%) 
were rated as showing identical results concerning not 
only the number but also the morphology of different 
lesions that were due to opportunistic pneumonia. In 
addition, MRI was able to differentiate between con- 
solidation and ground-glass infiltration (Leutner et al. 
2000). 



MRI - Comparison with CT 

The advent of multislice CT and the implementation of 
parallel imaging in MRI pushed the limits towards new 
possibilities with regard to examination volume, time, 
and slice thickness. Multislice CT offers the opportunity 



Table 13.5. Summary of the applied sequences for the investigation of the chest phantom (from Biederer et al. 2002) 



Sequence 


2D-GRE 


3D-GRE 
(VIBE) 


3D-GRE 
(VIBE) 


HASTE 


HASTE 


T2-TSE 


Weighting 


Tl 


Tl 


Tl 


T2 


T2 


T2 


Slice orientation 


Axial 


Axial 


Coronal 


Axial 


Coronal 


Axial 


TR/TE (ms) 


100/2.2 


4.5/1.9 


4.5/1.9 


2000/43 


2000/43 


3000/120 


FA 


50 


12 


12 


180 


180 


120 


FOV (mm) 


350 


350 


350 


350 


350 


350 


Matrix 


222 x 256 


502x512 
interpolated 


502x512 
interpolated 


224 x 256 


224 x 256 


270 x 512 


Slice thickness 
(mm) 


6 


2.5 
interpolated 


2.5 
interpolated 


7 


7 


8 


Slice per acquisi- 
tion 


19 


32 


32 


7 


7 


12 


Acquisition-time 


23 s 


23 s 


23 s 


18 s 


18 s 


4 min 51 s 
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Table 13.6. Measurement of signal intensities (SI), calculation of standard deviations (SD) and signal-to-noise ratios before (na- 
tive) and after instillation of liquid (with infiltration) (adapted from Biederer et al. 2002) 



Sequence 


Infiltration with 100 ml 




Infiltration with 200 ml 






SI 


SD 


S/N 


Increase (%) 


SI 


SD 


S/N 


Increase (%) 


2D-GRE 


Native 


31.28 


3.2 


1.15 




30.2 


2.3 


1.11 




With infiltration 


31.51 


3.3 


1.16 


0.74 p = 0.32 


31.8 


2.6 


1.12 


5.6 p<0.01 


3D-GRE 












1.16 






Native 


17.0 


1.11 


1.13 




17.2 


1.16 




With infiltration 


17.3 


1.36 


1.15 


2.2 p = 0.02 


18.0 


1.16 


1.22 


4.4 p < 0.01 


T2-HASTE 


Native 


94.9 


18.6 


3.62 




96.2 


17.6 


3.74 




With infiltration 


127 


21.2 


5.03 


34.4 p<0.01 


153 


20.0 


6.0 


60.5 p<0.01 


T2-TSE 


Native 


14.13 


2.8 


1.39 




14.3 


3.0 


1.34 




With infiltration 


18.41 


3.7 


1.85 


30.3 p<0.01 


23.4 


3.5 


2.23 


63.4 p<0.01 


CT (in HU) 


Native 


150 


24.3 


16.1 




139 


21.2 


13.9 




With infiltration 


167 


25.3 


17.3 


11.2 p = 0.02 


234 


10.4 


23.4 


68.4 p<0.01 



to investigate the entire lung with 1 mm slice thickness 
or less in much shorter than 1 min. Parallel imaging in 
MRI reduced dramatically the examination time that 
makes acquisition of the lungs in a few seconds pos- 
sible. 

Thin-section helical CT is the gold standard for the 
evaluation of the lung even for very subtle lesions like 
small ground-glass opacities around lung nodules. That 
means, to classify the value of MRI of the lung, studies 
are necessary that compare MRI with the best CT tech- 
niques that are available nowadays. 
Eibel et al. (2006b) performed a study where they in- 
vestigated pulmonary abnormalities in 30 immunocom- 
promised patients with parallel MRI and thin- section 
helical CT Table 13.7 summarizes the MR examination 
protocol for the applied HASTE sequence. It was not 
the intention of this study to investigate the lung com- 
prehensively In order not to exceed 1 min examination 
time, only the HASTE sequence was selected. The result- 



ing in-room-time was not more than 10 min. The moti- 
vation was that MRI can only serve as a real alternative 
to CT, when the examination time is comparable. 

One of the inclusion criteria for this study was an X- 
ray of the chest that was either normal or did not show 
abnormalities suggestive of pulmonary infection. Ill-de- 
fined nodules, ground-glass opacity areas, and consoli- 
dations, their location and distribution, and their lesion 
characteristics (e.g. margin contour, cavitation, calcifi- 
cation) were systematically analyzed. Twenty-two pa- 
tients had pulmonary abnormalities on CT In 21 (95%) 
patients, pneumonia was correctly diagnosed with 
MRI. One false -negative finding occurred in a patient 
with ill-defined nodules smaller than 1 cm at CT. One 
false -positive finding with MR was the result of blurring 
and respiratory artefacts. That results in a sensitivity of 
MRI in comparison to 1-mm CT slices of 95%, specific- 
ity of 88%, positive predictive value of 95%, and a nega- 
tive predictive value of 88% (Eibel et al. 2006a). In the 
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Fig. 13.4 A 76-year-old patient with myelodysplasia suffer- 
ing from Pneumocystis jiroveci pneumonia (from Eibel et al. 
2006a): a thin-section CT above the level of the carina. Ground- 
glass opacity is the predominant finding in the ventral portion 
of the left upper lobe. Please note also the more subtle lesions 
in the dorsal parts of the both upper lobes; b axial HASTE- 
sequence at the same level (TE 27 ms). All lesions in the upper 
lobes are easily detectable 



detection of ground-glass opacity areas (Fig. 13.4), con- 
solidations (Fig. 13.5), and pleural effusion, MRI seems 
to be equal to thin-section CT. But the overall detec- 
tion rate of nodules with MRI was only 72% (186/259). 
Detailed analyses found out that all nodules larger than 
10 mm were reliably detected. The mean size of nodu- 
lar lesions not found with MRI was 4 mm. This differ- 
ence likely relates to the section thickness used with CT 
(1 mm) and MR imaging (6 mm). After this study the 
authors came to the conclusion that pulmonary imag- 
ing for the detection and quantification of infiltrates is 
highly reliable with modern MR scanners (Eibel et al. 
2006b). 

Despite these encouraging results it is important to 
keep in mind is that CT has to be preferred in the de- 
tection of calcification, which can indicate some special 
disease entities and can be a sign of pulmonary scar- 
ring. 



Morphology of Different Types 
of Pneumonia in MR Imaging 

Before summarizing briefly the different MR features of 
pneumonia, already mentioned in the paragraphs be- 
fore, the following statements are valid for MR imaging 
of pneumonia: 

• Nodules larger than 1 cm in diameter, consolida- 
tions and ground-glass opacifications are detectable 
on MR images with a nearly identical sensitivity 
and accuracy with regard to lesion size and contour 
compared to CT. Obviously the definition of nodule, 
consolidation and ground-glass according to the 
Fleischner Society seems to be valid even for MRI 
(HANSELLetal.2008). 

• With MR images it might be more challeng- 
ing or even impossible to delineate small nodules 
(<10 mm) and small areas of air or calcifications 




Table 13.7. Parameters of the HASTE sequence, applied in the 
study of Eibel et al. (2006b) 



Magnet 


1.5-T 


TR 


440 ms 


TE 


27 ms 


Bandwidth 


488 Hz/pixel 


Echo spacing 


3.76 ms 


Slice thickness 


6 mm 


Gap 


50% 


FOV 


256 x 256 (axial) 

320 x 256 (coronal and 

sagittal) 


Modus 


Interleaved 


Acquisition 


GRAPPA 


iPAT-factor 


2 (24 reference lines) 


Examination time 
for the entire lungs 


2-3 x 15 s (per direction) 
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Fig. 13.5. A 45-year-old male with chronic lymphatic leu- 
kemia, suffering now from angioinvasive aspergillosis (from 
Eibel et al. 2006a): a thin-section CT below the level of the 
carina shows a consolidation in the left lower lobe (black ar- 
row), ground-glass opacity in the lingular lobe adjacent to the 
fissure (white arrow), and both-sided pleural effusions. Please 



note also the subtle lesion in the right lower lobe adjacent to 
the spine (short arrow); b axial; c coronal; d sagittal HASTE. 
The pathologic findings are again comprehensively delineated 
by MRI, even the subtle lesion in the left lower lobe adjacent to 
the spine (arrow) 



within lung nodules or consolidations in compari- 
son to thin-section helical CT. 

In Table 13.8 the most common and important features 
of pneumonia on MR images and the likely causative 
organisms are summarized. 

Fungal pneumonia is an important topic, necessary 
to go a little bit more into detail, especially when deal- 
ing with MR imaging. Some organisms like Histoplasma 
capsulatum and Coccidioides immitis are primary 
pathogens, but are found only in specific geographic ar- 
eas. On the other hand, organisms like Aspergillus and 
Candida species are opportunistic agents that affect pa- 
tients which already suffer from an underlying pulmo- 



nary disease or are immunocompromised. As invasive 
organisms the latter can cause sever tissue destruction 
and can influence the clinical outcome dramatically. 

The pathogenesis of Aspergillus infection is com- 
plex, but worthy to know is the fact that this fungus 
causes necrosis in lung parenchyma due to extensive 
vascular permeation and occlusion of small to medium 
arteries. This permeation and especially the separation 
of necrotic lung from viable parenchyma in the recov- 
ery phase of the patient can cause life-threatening intra- 
alveolar hemorrhage. 

Because of the different therapeutic approaches in 
patients with fungal pneumonia and because of the high 
morbidity and mortality in immunosuppressed patients 
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Table 13.8. MRI findings and corresponding likely causative organisms 




MRI finding 


Likely causative organisms 




Lobar consolidation = Lobar pneumonia 


Streptococcus pneumoniae, Klebsiella pneumoniae, Legionella 
pneumophilia, Mycoplasma pneumoniae 




Patchy, sometimes bilateral interlobular consolidation 
= Bronchopneumonia 


Streptococci, gram-negative bacilli, Legionella, anaerobes, 
virus 




Ground-glass opacification and reticular pattern 
= Interstitial pneumonia 


Virus, Mycoplasma pneumoniae, Pneumocystis jiroveci 
(Fig. 13.4) 




Cavitation 


Staphylococcus aureus, Mycobacterium tuberculosis, gram- 
negative bacilli, anaerobic bacteria 




Round consolidation, halo, air-crescent sign, reverse target 
sign 


Aspergillus fumigatus (Fig. 13.5) 





with invasive aspergillosis it is necessary to know the 
signs of this type of infection in imaging studies: 

• Single or multiple nodular infiltrates 

• Nodule with halo phenomenon 

• Homogeneous consolidation in segmental or sub- 
segmental spread 

• Cavitation (air crescent sign) 

• Reverse target sign 

The ground-glass attenuation surrounding some of the 
nodules is termed as halo. Histopathologic studies de- 
lineated that the cause for this finding is hemorrhage 
around the nodule. With MR the halo sign is clearly de- 
tectable and thus can help to differentiate the causative 
agents. Air crescent is a finding more common detect- 
able in the recovery phase and relates to resorption of 
necrotic tissue in the periphery of the lesion or to re- 
traction of the sequestrum from viable lung parenchyma 
(Kim et al. 2001). This crescent like air collection is asso- 
ciated with a higher risk of massive hemoptysis. 

Blum et al. (1994) observed another characteristic 
feature of necrotizing pneumonia. On T2 -weighted im- 
ages higher signal intensity in the center combined with 
comparatively lower signal intensity in the rim outlined 
a characteristic feature that they called "reverse target 
sign". While the halo phenomenon is strongly suggestive 
of invasive aspergillosis in its early course, the reverse 
target sign is detectable in later stages. Probably because 
of the excellent soft-tissue contrast on MR imaging, 
Leutner et al. (2000) found that this issue is superior to 
contrast-enhanced CT in diagnosing necrotizing pneu- 
monia. 



Up to now, no comprehensive study compared the 
sensitivity and specificity of different imaging modali- 
ties for the diagnosis of invasive aspergillosis. Blum 
et al. (1994) found out that MRI may be of diagnostic 
value in later stages of the disease and for the follow-up 
of nodular infiltrates on unknown etiology in immuno- 
compromised patients. So, further studies are necessary 
to lower the high mortality of angioinvasive aspergillo- 
sis by making the diagnosis earlier and with a higher 
reliability. 



Protocol 

In this last paragraph a short protocol recommendation 
(Table 13.9) is listed, confirmed and illustrated by an 
upper lobe pneumonia (Fig. 13.6). 

The T2-weighted HASTE sequence is the workhorse, 
necessary for detection and characterization of infec- 
tious lesions of the lung. Performing only the topogram 
and the axial HASTE in patients which are severely ill 
and breathless, the investigation time is below 2 min. 
The Tl -weighted FLASH sequence with and without 
intravenous application of gadolinium is helpful for fur- 
ther characterization of infiltrates. This extends the in- 
vestigation time to 15 min. The STIR and TrueFISP se- 
quences can give additional information selected cases, 
but are not required in routine settings. 
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Table 13.9. Suggested investigation protocol at a 1.5-T MR scanner (Avanto, Siemens Medical Systems, Erlangen, Germany) 



Sequence 


Type 


Weighting 


Slice orientation 


TR 

(ms) 


TE 

(ms) 


Flip 
angle 


FS 


Slice thick- 
ness (mm) 


Gd 
IV 


Topogram 


HASTE 


SE 


T2 


Axial 


1000 


84 


180 




6 






T2 


Coronal 


1000 


84 


180 




6 






T2 


Sagittal 


1000 


84 


180 




6 




FLASH 2D 


GE 


Tl 


Axial 


118 


2 


70 




6 






Tl 


Coronal 


78 


2 


70 


+ 


6 




STIR* 


SE/IR 


T2 


Axial 


3980 


100 


150 


+ 


6 




TrueFISP* 


SS 


T2 


Axial 


3 


1 


60 




6 






T2 


Coronal 


3 


1 


60 




6 




FLASH 2D 


GE 


Tl 


Axial 


118 


2 


70 


+ 


6 


+ 




Tl 


Coronal 


78 


2 


70 


+ 


6 


+ 



Abbreviations: FLASH (Fast Low Angle Shot), Gd IV (Gado- 



(Short Tl Inversion Recovery), TE (time to echo), TR (repeti- 



linium intravenously), GE (Gradient Echo), FS (Fat Saturation), tion time), TrueFISP (True Fast Imaging with Steady state 
HASTE (Half fourier Acquisition Single shot Turbo spin Echo), Precession), *(not required in routine settings) 
IR (Inversion Recovery), SE (Spin Echo), SS (steady state), STIR 




Fig. 13.6. A 51 -year-old male with right upper lobe pneumonia (Streptococcus): a axial HASTE. Consolidation with surround- 
ing ground-glass in the right upper lobe; b coronal HASTE. The horizontal fissure {arrows) is not exceeded by the pneumonia; 
c-h see next page 
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Fig. 13.6. (continued) A 51 -year-old male with right upper 
lobe pneumonia (Streptococcus): c axial FLASH without fat 
saturation, not contrast enhanced. Without intravenous con- 
trast application no additional information is given by this se- 
quence in comparison to the HASTE sequence. Note the higher 
degree of artefacts in the mediastinum and chest wall (arrows); 
d axial FLASH with spectral fat saturation after delivery of 
14 ml gadolinium IV. As a result of infection a significant en- 
hancement is visualized; e coronal FLASH with spectral fat sat- 



uration, before intravenous contrast administration; f coronal 
FLASH, after gadolinium; g axial STIR. The edema is clearly 
detectable in the right upper lobe pneumonia, but the degree 
of artefacts and noise is higher in comparison to the HASTE se- 
quence; h coronal TrueFISP. The vessels are clearly detectable. 
So this sequence can be an alternative to the contrast enhanced 
FLASH to delineated adjacent vasculature. The pneumonia it- 
self is not better appreciable in comparison to the HASTE and 
contrast enhanced FLASH 
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KEY POINTS 



Imaging is important in the differential diagno- 
sis as well as in the assessment of functional con- 
straints and therapy response in interstitial lung 
disease. Imaging has to address three main topics: 
(1) visualization and recognition of morphologi- 
cal changes and their patterns; (2) assessment of 
pulmonary function, i.e. restrictive ventilatory 
impairment, reduction of perfusion and gas ex- 
change; and (3) assessment of inflammatory ac- 
tivity. MRI is capable to provide image-based 
answers to all three topics. Typical patterns, such 
as reticular and reticulonodular changes, ground 
glass, consolidation and honey-combing are easily 
visualized. Functional imaging using contrast-en- 
hanced perfusion MRI and ventilation MRI with 
hyperpolarized gases or oxygen are available for 
the assessment of restrictive constraints. Routine 
contrast-enhanced MRI allows estimating inflam- 
matory activity in different types of interstitial lung 
disease which is a clear advantage over CT which 
has limitations in this regard. 



Introduction 



K. Marten, Priv.-Doz. Dr. med. 

Universitatsklinikum Gottingen, Abteilung Diagnostische Ra- 
diologic, Robert-Koch-Str. 40, 37075 Gottingen, Germany 
F. Molinari, MD 

Department of Bioimaging and Radiological Sciences 
Catholic University of Rome, Policlinico A. Gemelli 
L.go R Vito, no. 1, 00168 Rome, Italy 



The use of MRI in the assessment of interstitial lung dis- 
eases (ILD) has been limited by the low proton density 
of the lungs, resulting in low signal-to-noise ratios, and 
signal loss due to respiratory and cardiac motion arte- 
facts as well as susceptibility artefacts due to air- tissue 
interfaces (Kauczor and Kreitner 1999). These re- 
strictions lead to a much lower spatial resolution com- 
pared to thin-section CT which, with its supreme ability 
to reflect the macroscopic pathologic abnormalities in 
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ILD, remains the mainstay for diagnosis and differential 
diagnosis of these disorders. However, evidence suggests 
that MRI may play a role in the assessment of disease 
activity in ILD, and recent technological refinements 
have led to a considerable improvement of MRI image 
quality, which may open avenues for the use of MRI in 
selected patients with ILD. This chapter reviews reports 
on the application of MRI to different ILD and consid- 
ers potential future applications for morphological and 
functional MRI imaging in patients with ILD. 



Role of MRI for Morphologic Imaging in ILD 

To date, few studies have addressed the use of MRI for 
depiction of morphologic changes in patients with ILD. 
Primack et al. (1994) investigated 5 patients with idio- 
pathic pulmonary fibrosis, 3 patients with hypersensi- 
tivity pneumonitis, 4 patients with sarcoidosis, and 10 
patients with miscellaneous infiltrative lung diseases 
and recorded the predominant patterns of abnormality 
seen on pro ton- weighted and Tl -weighted MRI (pa- 
renchymal opacification with or without reticulation, 
a reticular pattern, nodularity, and interlobular septal 
thickening). The authors found that the MRI patterns 
correlated well with pathologic features seen on lung bi- 
opsy: the majority of patients with parenchymal opaci- 
fication showed active inflammation on biopsy, whereas 
in a minority of patients parenchymal opacification rep- 
resented fibrosis. Thus, MRI can depict treatable disease 
with reasonably high sensitivity (Kauczor and Kreit- 
ner 1999; Primack et al. 1994). Architectural distor- 
tion in patients with fibrosis was depicted on MRI. All 
patients with reticulation showed fibrosis on biopsy, and 
nodularity was found in patients with sarcoidosis. Inter- 
lobular septal thickening, however, was seen in patients 
with lymphangitic carcinomatosis and Churg- Strauss 
syndrome, respectively (Primack et al. 1994). 

Another study compared the value of proton- 
weighted and Tl -weighted MRI compared to that of 
thin-section CT in the assessment of chronic infiltra- 
tive lung diseases and found that in the majority of the 
patients, gross assessment of morphologic changes and 
distribution of disease was feasible (Muller et al. 1992). 
In that study, nine patients with usual interstitial pneu- 
monia, six patients with sarcoidosis, four patients with 
hypersensitivity pneumonitis, and six patients with mis- 
cellaneous diseases were included. The authors found 
that MRI was inferior to CT in demonstrating mild fi- 
brosis, and also inferior in the anatomic assessment of 
the pulmonary parenchyma. However, MRI was compa- 



rable to CT in the assessment of air-space opacification, 
and proved to be a suitable tool for longitudinal studies: 
In six patients, follow-up scans were obtained with both 
MRI and CT and revealed equal degrees of air-space 
opacification over time (Muller et al. 1992). 

A number of studies have focused on the differen- 
tiation of the active (alveolitic) and inactive (fibrotic) 
stages of ILD. In an early study, McFadden et al. (1987) 
studied patients with interstitial lung disease and found 
that signal intensity on MRI correlated with disease se- 
verity and response to treatment, as a decrease in sig- 
nal intensity could be observed on follow-up in some 
patients. Further evidence that MRI is a suitable tool 
for the assessment of disease activity comes from ex- 
perimental studies. Kersjes et al. (1999) investigated 
rabbits with bleomycin- induced lung damage and cor- 
related MRI findings with histopathology They demon- 
strated that lesions in the alveolitic phase displayed high 
pre- and post-contrast signal intensity on Tl -weighted 
and also on T2-weighted images, whereas with progres- 
sive fibrosis the signal intensity and contrast enhance- 
ment showed a marked decrease. In detail, the authors 
observed a marked increase in signal intensity on Tl- 
and T2 -weighted images after instillation of bleomy- 
cin, corresponding to interstitial and alveolar pulmo- 
nary edema (acute alveolitis). Fourteen days later, the 
progressive fibrotic transformation of the pulmonary 
parenchyma was paralleled by a decrease in signal in- 
tensity on both Tl- and T2-weighted images (Kersjes 
et al. 1999). Vinitski et al. (1986) who chose a similar 
experimental approach in rats, demonstrated a close 
correlation between signal intensities at different stages 
of the disease and lung water content. Other studies, 
however, failed to show differentiation of acute and 
chronic changes in ILD by calculating Tl and T2 pro- 
ton relaxation times (Shioya et al. 1990; Taylor et al. 
1987). In another experimental study, macromolecular 
contrast agents could be shown to improve further dif- 
ferentiation between alveolitis and pulmonary fibrosis 
(Berthezene et al. 1992). In the early alveolitic phase 
after bronchial instillation of cadmium chloride, rats 
demonstrated a gradually increasing contrast enhance- 
ment over 45 min, indicating leakage of the contrast 
agent into the extravascular space. By contrast, in the 
fibrotic phase markedly lower enhancement was ob- 
served and attributed to a decrease in plasma volume in 
the fibrotic lung (Berthezene et al. 1992). 

The time course demonstrated in bleomycin-in- 
duced lung damage is comparable to radiation pneu- 
monitis (Kauczor and Kreitner 1999). Preliminary 
clinical studies have addressed the value of MRI in the 
assessment of radiation-induced fibrosis and differ- 
entiation of fibrosis from recurrent disease. Early on, 
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Glazer et al. (1984) investigated 21 patients who had 
undergone radiotherapy and compared the findings 
with 15 patients with untreated tumours. T2-weighted 
images proved suitable for differentiation of fibrosis and 
tumour, as radiation fibrosis showed low signal intensity 
on both Tl- and T2- weighted images, whereas the sig- 
nal intensity of untreated tumour was much higher. In 
another study, the surrounding pulmonary parenchyma 
in patients receiving radiotherapy for lung cancer dis- 
played a steady increase in signal intensity on Tl- and 
T2-weighted images over several months, followed by a 
decrease in signal intensity (Yankelevitz et al. 1994). 
The following paragraphs review the MRI appear- 
ance of the most important interstitial lung diseases. 



Sarcoidosis 

Sarcoidosis is a systemic disorder characterized by the 
presence of non-caseating granulomas, which may re- 
solve spontaneously or progress to fibrosis (Colby and 
Carrington 1994). As many as 90% of patients show 
pulmonary manifestations (Webb 2001). Pathologi- 
cally, granulomas are found in a perilymphatic or lym- 
phatic distribution and display a centre of histiocytes, 
surrounded by lymphocytes and mononuclear cells 
(Colby and Carrington 1994). The intervening lung 
parenchyma is normal. 

Granulomatous disease is closely mirrored by high- 
resolution CT (HRCT), which is the method of choice 
for assessment of patients with sarcoidosis (Webb 
2001). The most characteristic abnormality consists of 
small pulmonary nodules in a perilymphatic or peri- 
bronchovascular distribution. These nodules are usually 
well defined. Furthermore, nodules show a predilection 
for the fissures, the subpleural parenchyma, and the 
centre of the secondary pulmonary lobule. Their size 
normally does not exceed a few millimetres; however, 
nodules may coalesce forming larger opacities 1-4 cm 
in diameter or confluent masses surrounded by conflu- 
ent small nodules (Grenier et al. 1991). Upper lobe 
predominance is a frequent finding, but not invariably 
present. The characteristic location of the granulomas 
often causes smooth or nodular peribronchovascular 
interstitial thickening. Furthermore, nodules are seen 
along the interlobular septa, causing irregular or nodu- 
lar interlobular septal thickening which is a common 
albeit minor feature in patients with sarcoidosis. Patchy 
areas of ground glass opacity result from interstitial 
disease rather than alveolitis (Leung et al. 1993). Air- 
way involvement is common and commonly presents 



as bronchial wall thickening (often indistinguishable 
from peribronchovascular thickening) and bronchial 
luminal abnormalities (Webb 2001; Dawson and Mul- 
ler 1990; Miller et al. 1995). 

Data on the MRI appearance of sarcoidosis is scarce. 
As early as in 1988, however, Craig et al. (1998) inves- 
tigated nine patients with pulmonary sarcoidosis and 
compared the findings with chest radiographs. In that 
study, MRI detected hilar and mediastinal lymphade- 
nopathy as well as coalescent parenchymal disease but 
failed to show widespread interstitial disease. A more 
meaningful comparison of MRI and HRCT features 
was performed in other studies in a total of 10 patients. 
In the study by Primack et al. (1994), MRI findings in 
sarcoidosis included parenchymal opacification, peri- 
bronchovascular thickening and nodularity, as well as 
parenchymal opacification with mild architectural dis- 
tortion (Fig. 14.1). They could show that parenchymal 
opacification reflected the presence of non-caseating 
granulomas on open lung biopsy. Peribronchovascular 
nodularity was seen in four of five patients, MRI appear- 
ances in the remaining patient were normal. Muller 
et al. (1992) reported ground-glass opacities in a patient 
with sarcoidosis which improved on follow-up, whereas 
another patient with sarcoidosis showed no appreciable 
change. Taken together, despite its lower spatial resolu- 
tion compared to HRCT, MRI may depict cardinal fea- 
tures of pulmonary sarcoidosis such as nodularity, peri- 
bronchovascular thickening as well as confluent masses. 
Furthermore, lesions in sarcoidosis usually show vivid 
contrast enhancement in MRI (Fig. 14.1), and it is 
therefore conceivable that MRI may play a future role in 
staging disease activity in patients with sarcoidosis and 
in longitudinal studies of younger patients (Fig. 14.1), 
particularly when its lack of ionizing radiation is con- 
sidered. 



Idiopathic Interstitial Pneumonias 

Idiopathic interstitial pneumonias form a heteroge- 
neous group of interstitial lung diseases. Reclassification 
by the American Thoracic Society and European Respi- 
ratory Society has proposed five distinct histological 
types: usual interstitial pneumonia (UIP), desquamative 
interstitial pneumonia (DIP), respiratory bronchiolitis- 
associated interstitial lung disease (RBILD), acute in- 
terstitial pneumonia (AIP), and non-specific interstitial 
pneumonia (NSIP) (ATS/ERS 2000). UIP is the most 
common type of idiopathic interstitial pneumonia (Mc- 
Adams et al. 1996). Histopathologically, it shows a het- 
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^Fig. 14.1a-d. A 26-year-old male patient with sarcoidosis. 
a Post- contrast Tl -weighted 3D-FLASH coronal image displays 
peribronchovascular thickening (arrow) and nodularity (ar- 
rowheads). Note mediastinal lymphadenopathy b IR-HASTE 
(inversion recovery half-Fourier acquisition single-shot turbo 
spin-echo) coronal image shows areas of consolidation (ar- 
rows), c Pre- (A-C) and post-contrast (D-F) Tl -weighted 



VIBE (volumetric interpolated breath-hold examination) axial 
images show vivid contrast enhancement of the larger nodular 
lesions in the right upper lobe and the diffuse nodularity in the 
left upper lobe, d Post-contrast Tl -weighted 3D-FLASH coro- 
nal images (A: before initiation of steroid therapy, B: 8 weeks 
later) show regression of the parenchymal manifestations of 
sarcoidosis 



erogeneous pattern of normal and inflammatory lung, 
fibroblastic foci, interstitial fibrosis, and honeycombing. 
This "temporal heterogeneity" is a characteristic feature 
(Katzenstein and Myers 1998; Kadota et al. 1995). 
Fibrosis and honeycombing in UIP display a striking 
basal and subpleural predominance. UIP is the most 
common histopathological pattern in patients with the 
clinical picture of idiopathic pulmonary fibrosis (IPF); 
however, it may also occur secondary to environmental 
or drug exposure, radiation, or in association with colla- 
gen-vascular diseases (Colby and Carrington 1994). 
On HRCT, UIP/IPF is characterized by the presence 
of irregular reticular abnormalities reflecting fibrosis 
(Webb et al. 1988). The most important HRCT features 
are honeycombing and intralobular septal thickening 
(Webb et al. 1988). These findings indicate progressive 
disease and a poor prognosis (Wells et al. 1993; Ter- 
riff et al. 1992). Ground glass opacities, however, are 
less conspicuous findings and if present, may indicate 
the presence of active inflammation or, alternatively, 
may reflect very fine fibrosis beyond the spatial resolu- 
tion of HRCT (Leung et al. 1993). Honeycombing re- 
fers to thick-walled, wall-sharing cysts which are usu- 
ally 2-20 mm in diameter, and which occur in layers in a 
subpleural location. Differentiation from traction bron- 
chiectasis is not always straightforward. Intralobular 



septal thickening results in a fine reticular pattern and is 
often associated with traction bronchiolectasis (Webb 
et al. 1988). Irregular interfaces between the pulmonary 
parenchyma and vasculature result from thickening of 
the intralobular interstitium. If fibrosis is severe, larger 
bronchi become dilated and distorted, a finding referred 
to as traction bronchiectasis. 

The major HRCT features in patients with UIP/IPF 
are also depicted with MRI (Fig. 14.2) Primack et al. 
(1994) investigated five patients with IPF using MRI 
and reported peripheral reticulation with or without 
areas of parenchymal opacification, dense reticulation, 
or architectural distortion. Peripheral reticulation was 
identified in all patients and reflected fibrosis on biopsy. 
If reticulation occurred in association with parenchy- 
mal opacification, biopsy demonstrated both fibrosis 
and active alveolitis (Primack et al. 1994). Muller 
et al. (1992) showed that at that time, MRI was slightly 
inferior to HRCT in the depiction of fibrosis and hon- 
eycombing: Of 15 patients with reticulation on CT, 13 
and 12 showed abnormalities on Tl -weighted and pro- 
ton density-weighted MRI, respectively. Furthermore, 
of 10 patients with the HRCT finding of honeycomb- 
ing, 9 and 6 patients displayed honeycombing on Tl- 
weighted and proton density-weighted MRI (Muller 
et al. 1992). 
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Fig. 14.2a-d. A 74-year-old female patient with usual inter- 
stitial pneumonia associated with rheumatoid arthritis, a Post- 
contrast T 1 -weighted 3D-FLASH axial image displays a reticular 
pattern with extensive traction bronchiectasis/bronchiolectasis 
(arrowheads), b Post-contrast Tl -weighted 3D-FLASH coro- 
nal image depicts typical basal and subpleural predominance 
of the findings, c Post-contrast Tl-weighted 3D-FLASH coro- 



nal image shows extensive architectural distortion in the dor- 
sal parts of the lungs, d Post-contrast Tl-weighted 3D-FLASH 
axial image indicating typical fibrotic changes in a patient with 
IPF. Note the extensive reticulation and architectural distortion 
predominant in the subpleural regions of the lung 



In conclusion, using MRI gross morphologic fea- 
tures of pulmonary fibrosis can be depicted; however, 
mild interstitial disease may go undetected. 



Collagen-vascular Diseases 

Interstitial lung disease is a common feature in patients 
with underlying collagen-vascular disorders (CVD). As 
CVD are sharing common imaging features, the MRI 
appearances of interstitial lung disease associated with 
rheumatoid arthritis, scleroderma and systemic lupus 
erythematosus are summarized at the end of this para- 
graph after a brief introduction of the different entities. 



14.5.1 

Rheumatoid Arthritis 

Rheumatoid arthritis is a chronic inflammatory auto- 
immune disorder which is commonly associated with 
thoracic disease, e.g. interstitial fibrosis, necrobiotic 
nodules, pleural disease, bronchiectasis, and oblitera- 
tive bronchiolitis (Remy-Jardin et al. 1994; Perez et al. 
1998). The prevalence of radiologically evident intersti- 
tial lung disease is around 10%, with the most common 
histopathologic pattern being UIP. A small percentage 
of patients, however, have findings of NSIP on lung bi- 
opsy (Katzenstein and Fiorelli 1994). In a study by 
Remy-Jardin et al. (1994), HRCT findings of fibrosis 
(with or without honeycombing) were seen in 10% of 
patients. Ground-glass opacities were found in 14%. 
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Bronchial abnormalities including bronchiectasis were 
present in 21% of patients, consolidation in 6%, lymph - 
adenopathy in 9%, and pleural disease in 16%. Another 
frequent finding was predominantly subpleural nodu- 
larity (22%). 



14.5.2 

Progressive Systemic Sclerosis (Scleroderma) 

Progressive systemic sclerosis is an autoimmune dis- 
order characterized by excessive amounts of collagen 
fibres in different organs. The vast majority of patients 
with progressive systemic sclerosis (PSS) show some 
degree of interstitial fibrosis, although pulmonary func- 
tion tests are frequently normal (Taorimina 1981; Ar- 
roliga et al. 1992). PSS is commonly associated with a 
pattern of NSIP, pulmonary vasculitis and pulmonary 
hypertension. HRCT findings include honeycombing, 
reticulation, ground-glass opacities, and subpleural 
predominance (Webb et al. 1988). In a recent study, CT 
features of lung disease in PSS were compared with IPF 
and NSIP (Desai et al. 2004). In PSS, interstitial lung 
disease was shown to be less extensive, less coarse, and 
characterized by a greater proportion of ground-glass 
opacification than that in patients with IPF. CT features 
closely resembled those in patients with idiopathic NSIP 
(Desai et al. 2004). Other findings in patients with PSS 
include oesophageal dilatation, diffuse pleural thicken- 
ing, and mediastinal lymphadenopathy 



14.5.3 

Systemic Lupus Erythematosus 

Systemic lupus erythematosus (SLE) is a multisystemic 
autoimmune disorder associated with increased serum 
antinuclear antibodies. It is commonly associated with 
pleuropulmonary abnormalities. Up to 85% of autopsy 
cases show pleuritis or pleural fibrosis, and pleural ef- 
fusion is a common feature on chest radiographs of 
patients with SLE (Wiedemann and Matthay 1992). 
Pulmonary complications in SLE are common and in- 
clude pneumonia, lupus pneumonitis, and pulmonary 
haemorrhage (Kim et al. 2000). Organizing pneumonia 
and pulmonary fibrosis may occur in patients with SLE 
(Gammon et al. 1992). 

HRCT shows findings of fibrosis, albeit less fre- 
quently than in patients with IPF, rheumatoid arthritis 
or PSS. Other abnormalities include ground-glass opac- 
ities, pulmonary nodules, bronchiectasis or bronchial 
wall thickening, and pleural disease (Bankier et al. 
1995). The incidence of pulmonary fibrosis is estimated 



to be 30%-35% (Bankier et al. 1995; Fenlon et al. 1996; 
Sant et al. 1997). Frequent findings are interlobular or 
intralobular septal thickening (33%), and architectural 
distortion (88%) (Bankier et al. 1995). Honeycombing 
is uncommon. 

The findings of ground glass opacification and con- 
solidation may be caused by pneumonia, lupus pneu- 
monitis, or pulmonary haemorrhage, and may also oc- 
cur in organizing pneumonia (Primack et al. 1994). 
Airway abnormalities occur in 18%-20%, pleuroperi- 
cardial disease in 15%- 17% of patients (Fenlon et al. 
1996; Sant etal. 1997). 

There are currently no data available on the use of 
MRI in patients with interstitial lung disease associ- 
ated with collagen vascular diseases. From our experi- 
ence, morphological features such as frank fibrosis with 
architectural distortion or honeycombing, as well as 
ground glass opacities, can easily be depicted with MRI 
(Figs. 14.3-14.5), whereas subtle fibrosis may go undiag- 
nosed. Architectural distortion, consolidation, nodular- 
ity, and interlobular septal thickening are other abnor- 
malities which can reliably be seen. In addition, findings 
pointing to the underlying disorder such as esophageal 
dilatation in PSS or pleuropulmonary disease in SLE are 
readily depicted. Interestingly, ground glass opacities in 
collagen-vascular disorders may show intense contrast 
enhancement, and it is presumed albeit not proven that 
in this case an active inflammatory process, i.e. alveoli- 
tis, is the underlying pathology. In this context, it is con- 
ceivable that contrast- enhanced MRI may play a role 
in longitudinal studies investigating new therapeutic 
regimens, as differentiation between inflammation and 
fibrosis may be facilitated. 



Miscellaneous Interstitial Lung Diseases 

Progressive massive fibrosis (PMF) in coal workers 
pneumoconiosis was studied in 12 patients using MRI. 
The majority of lesions were isointense to skeletal mus- 
cle on Tl -weighted images with post-contrast enhance- 
ment. On T2-weighted images, signal intensity was low, 
with central high signal intensity corresponding to ne- 
crosis (Matsumoto et al. 1998). 

In Wegener's granulomatosis, pulmonary nodules 
are depicted with MRI and may show post- contrast 
enhancement (Kalaitzoglou et al. 1998). MRI in pa- 
tients with asbestosis may show round atelectasis and 
interstitial fibrosis, along with pleural plaques which ap- 
pear hyperintense on Tl- and T2- weighted images and 
do not enhance (Bekkelund et al. 1998). 
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Fig. 14.3. A 61 -year-old male patient with interstitial lung 
disease associated with rheumatoid arthritis, with MR findings 
suggestive of non-specific interstitial pneumonia. Post-con- 
trast Tl -weighted 3D-FLASH axial images depict subpleural 
ground-glass opacification with reticulation in the apical lower 
lobes (A) as well as extensive fibrosis with no evident honey- 
combing in the dorsobasal parts of the lungs (B) 



Fig. 14.4. A 70 year-old female patient with interstitial lung 
disease associated with systemic lupus erythematosus. Pre- 
contrast (A) and post-contrast (B) Tl -weighted 3D-FLASH 
axial images display bilateral subpleural and basal dense fibro- 
sis with substantial contrast enhancement 



MR Strategies 

to Investigate Lung Function in ILD 

The assessment of lung function is critically important 
for the diagnosis and management of ILD patients. No- 
toriously, ILDs include a wide spectrum of pathologic 
entities which often manifest with overlapping clinico- 
radiologic patterns (ATS/ERS 2002; Wells and Hoga- 
boan 2007). At the presentation of the disease, the diag- 
nosis is difficult and usually requires careful analysis of 
clinical and HRCT data, and the knowledge of the type 
of functional impairment of the lung. Invasive proce- 
dures, such as lung biopsy with video-assisted thoracic 
surgery (VATS) may be also needed, primarily to ex- 
clude the unfavourable occurrence of IPF/UIP pattern 



(Hunninghake et al. 2001). Biopsy specimens can also 
provide valuable information on the disease activity. 
However the procedure is associated with known issues. 
Mortality and complication rates for lung biopsy in ILD 
patients have been reported, with complications being 
more frequent in patients dependent on oxygen and 
having pulmonary hypertension (Kreider et al. 2007). 
An experienced pathologist is required for the assess- 
ment of the biopsy specimens. Inconclusive results may 
also be possible when the distribution of the disease is 
highly heterogeneous (Wells and Hogaboan 2007). 
Therefore, the decision of performing lung biopsy for 
the diagnosis of ILD is largely dependent on the clinical 
condition of the patient. In particular, when the patient 
is old and has numerous comorbidities that may signifi- 
cantly outweigh the risk of complications against the 
benefit of obtaining histological samplings, the diagno- 
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Fig. 14.5. A 68-year-old female patient with interstitial lung 
disease associated with progressive systemic sclerosis (sclero- 
derma). Pre- (A,B) and post-contrast (C,D) Tl -weighted 3D- 



FLASH axial images show a subpleural and basal reticular pat- 
tern with architectural distortion suggestive of frank fibrosis 
with vivid contrast enhancement 



sis and prognosis of the disease are determined clini- 
cally by serial monitoring of lung function and follow- 
up HRCT examinations. 

Lung function is commonly evaluated with a broad 
range of techniques, known as pulmonary function 
tests (PFTs). PFTs of static lung volumes, gas diffusion, 
arterial blood gas analysis, and exercise capacity are 
typically assessed in ILD patients (Chetta et al. 2004). 
Some general limitations of these tests include a degree 
of variability of the results and the need of patient coop- 
eration (Ulmer et al. 1993). The standardized technique 
and relatively inexpensive equipment required for test- 
ing ensure large clinical applicability for studying the 
ventilatory and gas exchange abnormalities of ILD. 

The ventilatory defect in ILD is a consequence of 
several mechanisms, such as loss of lung volume, reduc- 
tion in alveolar distensibility and/or size, and increased 



surface tension caused by surfactant alterations (Gibson 
and Pride 1977; Knudson and Kaltenborn 1981; 
Thompson and Colebatch 1989; McCormack et al. 
1991). These pathophysiologic changes cause a global 
impairment of lung mechanics that is know as restrictive 
ventilatory pattern. At rest, ventilation is characterized 
by rapid breathing frequency to compensate the small 
tidal volumes and the reduced alveolar distensibility. 
Static lung volumes are not uniformly altered. Possibly 
as a consequence of premature closure of small airways 
caused by peribronchial fibrosis or cystic modification 
of the lung, functional residual capacity (FRC) and re- 
sidual volume (RV) are less decreased than vital capacity 
(VC). Total lung capacity (TLC) is therefore less reduced 
than VC. The RV/TLC ratio may be greater than normal. 
Because large airways are usually patent, dynamic lung 
volumes and particularly volume-corrected indices of 
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airflow (forced expiratory volume in 1 s to VC, FEV1/ 
VC) are normal or greater than normal. 

The impairment of gas exchange depends on both 
ventilation/perfusion mismatch and alveolar- capillary 
damage. Gas diffusion through the alveolar- capillary 
barrier is estimated with high sensitivity from the dif- 
fusing capacity for carbon monoxide (DLCO) (Chetta 
et al. 2004; Gross and Hunninghake 2001). The DLCO 
decrease reflects partly the poor distribution of inspired 
gas and reduced lung volumes. Using the carbon mon- 
oxide transfer coefficient (KCO is not dependent from 
the lung volume) the diffusing abnormality is assessed 
even more accurately (Hughes 2003). Oxygen desatu- 
ration is possible at resting, but it is more evident during 
exercise. Because of the ventilatory and gas exchange 
abnormalities, and concurrent cardiac dysfunction, the 
overall exercise tolerance is markedly reduced. 

The PFTs alterations in ILD are typical but rather 
unspecific. They more likely express a general dysfunc- 
tional pattern of the lung that occurs in different patho- 
logical conditions evolving towards fibrosis. In serial 
functional monitoring of ILD patients, the PFTs show 
variable accuracy as prognostic factors. The capability 
to predict patient survival depends on the form of ILD. 
In sarcoidosis, for instance, the use of pulmonary func- 
tion testing to predict the course of the disease is con- 
troversial (Chetta et al. 2004). In experimental treat- 
ment studies, the assessment of therapeutic effects on 
the sole basis of functional monitoring with PFTs is also 
difficult (Wells and Hogaboan 2007). Considering 
that conventional therapies for ILDs are associated with 
significant risks, the research of new diagnostic strate- 
gies to assess lung function is largely needed for both 
patient management and treatment control. 

Despite the technical issues that in the past have lim- 
ited the clinical application of lung MRI, the potential of 
this imaging modality in assessing pulmonary function 
has been widely investigated. Along with the obvious 
advantage of providing information on regional mor- 
phology with a radiation-free diagnostic tool, the most 
attractive feature of lung imaging with MR consists in 
its flexibility to combine different data- acquisition tech- 
niques with the use of new classes of contrast agents. 
Of particular interest in recent years has been the in- 
troduction of inhalatory paramagnetic contrast media, 
such as hyperpolarized gases and molecular oxygen to 
explore lung ventilation and diffusion. Concurrently, 
time- resolved three-dimensional visualization of lung 
parenchyma during intravenous administration of 
gadolinium-based contrast agents has been established 
as a clinical tool to assess pulmonary perfusion. Since 
technical improvements in MR systems have largely 



reduced data acquisition times, imaging protocols that 
include morphologic and functional assessment of the 
lung are recently accessible for clinical application (Pu- 
derbach et al. 2007). To date, few studies have explored 
the potential of MRI to investigate lung function in ILD 
patients. In the following paragraphs the MR techniques 
that have been investigated for the assessment of lung 
function in ILD patients will be addressed. 



Imaging of Lung Function 
with Hyperpolarized Gases 

The use of exogenous inhalatory contrast agents in lung 
MRI was first demonstrated in the mid 1990s with the 
introduction of hyperpolarized or laser-polarized noble 
gasses, such as xenon- 129 (Xe) and helium-3 (He) (Al- 
bert et al. 1994; Middleton et al. 1995; MacFall et al. 
1996; Black et al. 1996; Kauczor et al. 1996). The po- 
larization process, achieved by optical pumping, causes 
a non-equilibrium state in the nuclei of the gas which 
represents the source of the MR signal (Guenther et al. 
2000). The gas inhalation allows for the direct assess- 
ment of the airways and pulmonary airspaces. In this 
setting the proton density of lung tissues (i.e. blood and 
interstitium) is neglected. A dedicated RF coil and an 
MR system adapted to the frequency of resonance of the 
gas is required. The sequence design is based on gradient 
echo techniques. For a detailed description of the prin- 
ciples, design and practical implementation of the laser 
polarization techniques, and the setup for MR imaging 
of the lung with hyperpolarized gasses, the reader is re- 
ferred to the reviews in the literature (Goodson 2002; 
Moller et al. 2002) and to other chapters of this book. 
Although He- 3 is less abundant in nature than 
Xe-129, its use has been preferred because of its larger 
gyromagnetic ratio and polarization levels (Kauczor 
et al. 2002). The images obtained from hyperpolarized 
He- 3 MRI of the lung are generally characterized by ex- 
cellent SNR and good spatial and temporal resolution. 
Additionally, He-3 is not absorbed by the lung and can 
be inhaled in relatively large quantities without sub- 
stantial risks. Different strategies to explore lung func- 
tion with hyperpolarized He-3 have been established 
(Kauczor et al. 2002). By simple visualization of lung 
areas that exhibit signal enhancement, ventilated lung 
tissue is demonstrated (spin or gas density imaging). 
Other techniques have been also developed including 
the calculation of ventilated lung volume, the assess- 
ment of the diffusion of gas molecules in the pulmonary 
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airspaces (diffusion- weighted imaging), dynamic ven- 
tilation imaging and measurement of the alveolar p02 
(Kauczor et al. 2002). 

Because lung function imaging with hyperpolar- 
ized noble gases primarily allows for the depiction of 
airways and ventilated airspaces, it is not surprising 
that most of the studies focused on the clinical applica- 
tion of this diagnostic modality for COPD, asthma and 
chronic bronchitis. ILD patients have not been investi- 
gated systematically by MRI and hyperpolarized gases 
(Kauczor et al. 2001). All current literature available 
on the application of this imaging tool to the study of 
lung fibrosis derives from few reports and results from 
patients that have been treated with single lung trans- 
plantation (Markstaller et al. 2002; Gast et al. 2003, 
2007; Zaporozhan et al. 2004, 2005; Bink et al. 2007). 
In these studies, the most typical alteration reported 
was an inhomogeneous distribution of the signal gen- 
erated by the gas in ventilated regions of the lung and 
of the ADC values calculated from diffusion imaging. 
These alterations have been interpreted as focal ventila- 
tory defects caused by fibrotic obstruction of peripheral 
bronchi. These areas of heterogeneous signal contain 
information about ventilatory state as well as other pa- 
rameters (i.e. time constants, compliance, and alveolar 
oxygen concentration). Functional and clinical signifi- 
cance of these findings are still to be investigated. 



Imaging of Lung Function with Oxygen 

Indirect assessment of lung function using molecular 
oxygen as an inhaled contrast agent was first proposed 
by Edelman et al. (1996). Since then, the technical fea- 
sibility and clinical relevance of oxygen-enhanced MRI 
of the lung have been investigated in animals, healthy 
volunteers, and patients with various diseases. Because 
oxygen causes signal changes in the lung after diffus- 
ing through the alveolar- capillary barrier (Ohno et al. 
2002; Jakob et al. 2004), this technique is potentially 
suitable for the functional assessment of pulmonary 
diseases that lead to an altered gas diffusion. The physi- 
cal characteristics of molecular 2 and the physiological 
basis that explain its paramagnetic effect in the lung are 
described in other chapters of this book. The following 
paragraphs offer a survey on the research relevant for 
understanding the potential of oxygen-enhanced MRI 
in the functional evaluation of ILD. 

To date, ILD patients have been investigated with 
oxygen ventilation imaging only in a limited number of 



studies. A correlation between the results of this tech- 
nique and the DLCO was firstly assessed by Muller 
et al. (2002). In their study, either the SI slope calculated 
by imaging the lung during the wash-in phase of oxygen 
or the overall SI change from room air ventilation to the 
maximal oxygen enhancement correlated with DLCO. 
Similar results have been found also in another recent 
study conducted in patients with IPF and sarcoidosis 
(Molinari et al. 2007). From the analysis of the extent 
of the areas that showed oxygen enhancement in the 
lung, a semiquantitative parameter was correlated with 
the tests that characterize the gas exchange impairment 
of ILD. A good correlation was found with the DLCO, 
KCO, the arterial partial pressure and the saturation 
of oxygen. The higher correlation was found between 
the results of oxygen- enhanced MRI and KCO. This is 
particularly interesting considering that, as mentioned 
above, KCO is generally regarded has more sensitive 
to the alteration of the alveolar- capillary gas exchange. 
Both studies seem to confirm the possibility to obtain 
information from this imaging modality that can be 
used clinically to predict the loss of lung function in 
ILD. 

A quantitative model to assess the pulmonary gas 
exchange was developed recently by Jakob and col- 
leagues using multiple oxygen concentrations and a 
Tl mapping procedure (Jakob et al. 2001, 2004; Ar- 
nold et al. 2007). Based on the linear proportionality 
between the longitudinal relaxivity of the lung (i.e. Rl) 
and the local oxygen concentration, the model allows 
for the calculation of an "oxygen transfer function" 
(OTF) which represents the slope of the plot of Rl vs 2 
concentration. The OTF has been proposed as an indi- 
cator of the gas transfer ability of the lung. Although the 
study was conducted in a small group of patients with 
cystic fibrosis, the approach relies on general principles 
of lung physiology and it might be also considered for 
the evaluation of ILD. Research has to be conducted 
to confirm the clinical applicability of this quantitative 
method for oxygen- enhanced MRI of the lung. Addi- 
tionally, other more general aspects of oxygen ventila- 
tion imaging that might require further investigation 
have been also indicated (Jakob et al. 2004). In particu- 
lar, the amount of 2 physically dissolved in pulmonary 
blood is a function of the diffusing capacity of the lung, 
but also of the local ventilation-perfusion ratio (Jakob 
et al. 2004). Hence, oxygen ventilation imaging should 
not be regarded as a direct surrogate test for the assess- 
ment of lung diffusion. The assessment of lung function 
with this technique in combination with perfusion MRI 
has been suggested. 
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MR Protocols for Imaging 

Lung Morphology and Function in ILD 

In a recent study (Puderbach et al. 2007), the techni- 
cal requirements and basic MR sequences for imaging 
the lung at 1.5 T have been reviewed. A routine MRI 
protocol based on short echo times (TE) to counter- 
act the rapid signal decay of the lung and acquisitions 
within single or multiple consecutive breath-holds has 
been proposed. The basic protocol comprises a localizer, 
a coronal T2-weighted single-shot half-Fourier turbo 
spin-echo sequence, a transversal Tl -weighted three- 
dimensional (3D) gradient- echo, a coronal steady- state 
free precession, and a transversal T2 -weighted short-T 
inversion- recovery (STIR). An extent to this protocol 
includes a post contrast transversal Tl -weighted 3D 
gradient-echo sequence (not always required). With this 
approach the assessment of a variety of lung diseases 
including ILD is feasible in a reasonable time (approxi- 
mately 20 min). 

The infiltrative processes and fibrotic changes which 
represent the common manifestations of many ILDs 
are well depicted by the T2 -weighted images, such as 
those obtained with partial- Fourier (HASTE) or ultra- 
short TE acquisition techniques. The reticular pattern 
caused by thickening of interstitial septa, potentially 
associated to ground-glass opacities, traction bron- 
chiectases/bronchiolectases, cystic changes with honey 
combing and overall architectural distortion of the lung 
can be visualized easily by transversal or coronal im- 
ages. In the coronal plane, the dorsal and basal location 
of the peripheral reticulations is demonstrated in full 
extent by few images, giving immediate perception of 
the distribution of the disease (Fig. 14.2). Tl contrast- 
enhanced images, used primarily to characterize focal 
masses among the interstitial changes, are similar to CT 
in depicting the subpleural reticulations (Fig. 14.2). The 
use of fat saturation increases the visualization of con- 
trast-enhanced fibrotic changes and vascular distortion 
against the low- signal chest wall. The nodular pattern 
(for instance, in sarcoidosis) can be demonstrated us- 
ing non-enhanced 3D Tl -weighted gradient echo se- 
quences (Tl-GRE). On most scanners equipped with 
parallel imaging technique 3D-T1-GRE are capable of 
isotropic voxels of 2 mm 3 or even lower in-plane spatial 
resolution (Puderbach et al. 2007). Large focal con- 
solidations or fibrotic masses are usually well depicted 
in both T2-HASTE and non-enhanced Tl-GRE images. 
As mentioned, contrast administration at the end of the 
protocol may be considered when the nature of the con- 



solidation is unclear. The coronal steady-state free pre- 
cession sequence visualizes with high sensitivity the re- 
stricted motion of the lung, which is typically associated 
with fibrosis. The transversal T2-weighted STIR images 
are generally used to visualize enlarged mediastinal and 
hilar lymph nodes. 

On current systems equipped with time-resolved 
echo-shared fast gradient-echo techniques, images of 
lung perfusion can be obtained with a minimal exten- 
sion to the total examination time of the basic contrast- 
enhanced protocol. Immediate qualitative assessment 
of these images in ILD may indicate lung perfusion 
defects in areas of advanced architectural distortion. 
In some cases large or multiple perfusion changes are 
visualized even with mild parenchymal alterations as a 
consequence of perivascular fibrosis. This may help un- 
derstanding the functional impairment of the patient. 
As described in other chapters of this book, quantitative 
parameters of lung perfusion can be obtained in a post- 
processing phase. 

Finally, in an advanced setup, oxygen- enhanced 
MRI of the lung may be added to the protocol described 
so far. It must be noted that oxygen ventilation imag- 
ing requires at least two acquisitions (normoxic and 
hyperoxic ventilation) interleaved with five minutes for 
the wash in and wash out of the gas. This results in a 
prolongation of the protocol of 15 minutes, with a com- 
prehensive morphologic and functional assessment ob- 
tained in a total of approximately 40-50 min depending 
on the patient breathing rate. 
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KEY POINTS 



Pleural tumours are rare in comparison with tu- 
mours of the lung such as bronchial carcinomas. 
Malignant pleural mesothelioma is an aggressively 
growing tumour and a rising incidence is expected 
in the next decades. CT is still the general diag- 
nostic tool for staging and therapy planning of 
malignant pleural mesothelioma. However, within 
the last few years novel MRI techniques have been 
developed and introduced into clinical routine to 
improve tumour delineation and characterization 
in order to optimize individual therapy planning. 
Typical findings of pleural tumours, especially ma- 
lignant pleural mesothelioma, using modern MRI 
tecniques are discussed. Techniques are compared 
with CT and modern PET techniques especially 
concerning precision of tumour delineation, ther- 
apy planning and monitoring. 



Introduction and History 

of Asbestos and Mesothelioma 



C. P. Heussel, PD Dr med. 

Department of Radiology, Clinic for Thoracic Diseases Heidel- 
berg, Amalienstr. 5, 69126 Heidelberg, Germany 
C. Plathow, PD Dr med., MSc 

Department of Nuclear Medicine, University of Freiburg, 
Hugstetterstr. 55, 79106 Freiburg, Germany 



People have been exposed to asbestos for thousands of 
years but to a much greater extent since its industrial 
mining in the 1970s. In 1955, Doll established the causal 
association between asbestosis and lung cancer. In the 
1960s, a third asbestos-related disease was discovered 
when the possible association between the formation of 
malignant pleural mesothelioma (MPM) and crocidol- 
ite exposure was found. 

The word asbestos itself is a misapplication of the 
Latin term asbestos "quicklime" from Greek (aftecrroc;: 
a, "not" and sbestos, "extinguishable") which describes 
any of a group of minerals that can be fibrous, many of 
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which are metamorphic, and mainly consist of hydrous 
magnesium silicates. According to data from the U.S. 
Geological Survey, 182.2 million metric tonnes (Mt) 
of asbestos were mined between 1900 and 2003 (Tos- 
savainen 2004). Global production peaked in 1975 at 
5 Mt. Despite a slight downturn, output remained at over 
4 Mt a year until 1991. In 2003, 2.15 Mt of chrysotile 
(white asbestos) were mined. Blue asbestos (crocidolite) 
is commonly thought of as the most dangerous type of 
asbestos, while white asbestos (chrysotile) is the most 
frequently used type accounting for about 95% of the 
asbestos found in buildings in the United States. While 
the use of asbestos has been prohibited or restricted 
in many Western countries, especially because of the 
proven association with MPM, the consumption is still 
growing in Asia and Latin America. Research by Tos- 
savainen (2004) found that "170 tonnes of produced 
and consumed asbestos will cause at least one death 
from MPM, most often as a consequence from occupa- 
tional exposure". But before an MPM develops, asbesto- 
sis shows typical changes of the pleura which have to be 
kept in mind for early detection, diagnosis and potential 
prevention of malignant transformation. 



15.1.1 
Asbestosis 

In general, asbestos fibres cause an inflammation of 
the parietal pleura, leading to pleural plaques, diffuse 
pleural fibrosis, rounded atelectasis, pleural effusion, 
bronchogenic carcinoma and MPM (Schwartz 1991; 
Mossmann and Gee 1989). Bilateral scattered calcified 



pleural plaques are pathognomonic signs for asbestos 
exposure (Peacock et al. 2000). Pleural plaques are the 
most commonly observed signs after asbestos exposure, 
observed in 60%-70% of exposed workers (Falaschi 
et al. 1995). The average latency period is about 15 years 
for uncalcified and at least 20 years for calcified plaques 
(Muller NL 1993). Their detection is important because 
patients with plaques have an approximately threefold 
higher risk of developing lung cancer and MPM. The 
average latency period from the first asbestos exposure 
to detection of a malignant tumour ranges from 20 to 
43 years (Kishimoto et al. 2003). The detection of sub- 
tle pleural lesions associated with asbestos exposure is a 
challenging task for the radiologist because the radiolo- 
gist has to raise the suspicion of an occupational disease, 
which may result in a possible financial compensation 
of the patient. Detection of pleural plaques is important 
because they are a marker of a significant asbestos ex- 
posure in these patients. Although pleural plaques are 
not considered to be premalignant, such patients have a 
higher incidence of malignancy, such as MPM and lung 
cancer. Therefore, pleural plaques may be regarded as 
risk indicators of possibly asbestos-related tumours in 
an asbestos-exposed population. Currently, computed 
tomography (CT) is the gold standard tool for the detec- 
tion of benign asbestos-induced changes of the pleura 
(Lynch et al. 1989) (Fig. 15.1). Conventional chest radi- 
ography has a low sensitivity, varying from 13% to 53%, 
even in persons with prolonged exposure to asbestos. 
In general, magnetic resonance imaging (MRI) is rarely 
used for the diagnosis of pleural plaques and only as an 
adjunct to CT. 




Fig. 15.1. Comparison of CT with Tlw TSE, T2w TSE and ra- 
dial MRI sequences in a patient with an asbestos plaque. The 
Tlw sequence shows the plaque isointense to soft tissue, while 
the T2w sequence shows it with low signal intensity (hypoin- 



Radial MRI 



tense). Using the radial sequence even the calcified areas can be 
visualized, (with permission: Weber MA, Bock M, Plathow C 
et al. Invest Radiol (2004)) 
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15.1.2 
Mesothelioma 

Malignant pleural mesothelioma is the most common 
cancer in persons occupationally exposed to asbestos, 
and it develops after a long average latency period. It is 
1000 times more common in a population exposed to 
asbestos. Its incidence is strongly correlated with the 
individual exposure to asbestos; a correlation to smok- 
ing history has not been found. It is an uncommon 
neoplasm arising from mesothelial cells of the visceral 
or parietal pleura, divided into three histological cat- 
egories: epithelial (55%-65%),sarcomatoid (10%-15%), 
and mixed (20%-35%). The annual incidence in the 
United States is 15 cases per million inhabitants and 
the number of deaths is predicted to be 72,000 in the 
next 40 years (Price and Ware 2004; Robinson and 
Lake 2005). The cancer incidence has been rising and 
is expected to peak between 2010 and 2030 in indus- 
trialized countries despite regulatory restrictions dur- 
ing the 1980s and 1990s (Peto et al. 1995). Typical ra- 
diological signs are pleural effusion, focal thickening of 
the pleura and infiltration of the diaphragm and chest 
wall (Figs. 15.2 and 15.3). MPM frequently metastasizes 
to the ipsilateral (60%) or contralateral lung and to hi- 
lar and mediastinal lymph nodes. Distant metastases 
are rare. The major differential diagnosis is metastatic 
adenocarcinoma. There is currently no universally ac- 
cepted standard therapy for MPM even though in the 



meantime there are some promising study results. Still 
the prognosis is poor with a median survival of 8-18 
months after diagnosis (Martino and Pass 2004). 
However, important advances in the treatment of pa- 
tients with MPM have occurred over the past few years, 
including the acceptance of a universal staging system, 
new active chemotherapeutic regimens, novel targeted 
agents, improved radiation therapy techniques for lo- 
cal control, as well as innovative techniques for curative 
surgical resection which are associated with decreased 
morbidity and mortality (Khalil et al. 2003; Sugar- 
baker et al. 1999; Vogelzang et al. 2003; Cacciotti 
et al. 2002). Furthermore, multimodality regimens com- 
bining chemotherapy, radiotherapy, immunotherapy, 
and surgery are being used more frequently because of 
the failure of single-modality therapy (Yoshino et al. 
2004; Zellos and Sugarbaker 2002). In cases of lim- 
ited disease, there has been an increasing tendency to 
perform surgical resection. Extrapleural pneumonec- 
tomy (EPP), or the removal of the visceral and parietal 
pleura, ipsilateral lung, hemidiaphragm, and part of the 
pericardium (P3D) is the surgical treatment of choice 
in the 10%- 15% of patients who present with resectable 
disease. These techniques seem to prolong survival (74% 
2-year survival and 39% 5-year survival). The greatest 
survival benefit in patients with MPM after EPP is seen 
in those with epithelial histology, a primary tumour 
that is limited in extent and has no nodal metastases. In 
contrast, patients with sarcomatoid histology and nodal 







Fig. 15.2. MRI sequences to image ma- 
lignant pleural mesothelioma. HASTE (a), 
VIBE (b); c,d see next page 
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Fig. 15.2. (continued) MRI sequences to image malignant pleural mesothelioma. Tl-TSE (c) and T2- 
TSE with respiratory gating (d) are shown in a patient with left-sided pleural mesothelioma. Note the 
excellent morphologic resolution concerning chest wall and mediastinal infiltration especially when us- 
ing T2-TSE with respiratory gating 




Fig. 15.3. Dynamic MRI using a trueFISP sequence in a patient with a left-sided pleural mesothelioma during maximum 
inspiration and expiration. There is almost no volume change of the left lung due to the pleural mesothelioma 



metastases have a poor survival benefit after EPP and 
are typically primarily treated with palliative chemo- 
therapy. 

Recently, positive results have been reported for 
pemetrexed, a multitargeted antifolate, in combination 
with cisplatin. In a multicenter phase III study of 448 
patients an objective response rate of 41% and overall 
survival benefit of 3 months was achieved (Vogelzang 



et al. 2003). Consequently, the combination of cisplatin 
and an antifolate is generally accepted as the standard 
therapy for MPM (Baas 2005). 

Recent publications also show that state-of-the- 
art radiotherapy techniques improve target volume in 
MPM and thus might enhance clinical outcome (Ster- 
zing et al. 2008). 
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Tumour Staging and Measurement 

15.2.1 
Staging 

At least five different staging systems of MPM exist. 
Butchart et al. (1976) introduced a classification sys- 
tem into four stages which became widely used. These 
are given in Table 15.1. Most staging systems including 
the one from Butchart did not use the T, N and M de- 
scriptors as used in the classical TNM-classifications for 
tumours. However, in an attempt to distinguish patients 
who would benefit from surgical resection with cura- 
tive intent from those needing palliative treatment, the 
International Mesothelioma Interest Group (IMIG) has 
introduced a staging system for MPM in 1995 which has 
gained universal acceptance. TNM-staging and stage 
grouping are given in Tables 15.2 and 15.3. This staging 
system was adopted by the American Joint Committee 
on Cancer (AJCC) and the Union Internationale Con- 
tre le Cancer (UICC) (Bridda et al. 2007). It reconciles 
previous staging systems and is similar to those for 
other solid tumours and especially non-small cell lung 
cancer. It also incorporates data on the natural history 
and influence of T and N status on overall survival. 

Tl indicates that there is usually a free pleural space, 
and these patients often present with a large pleural ef- 
fusion. However, the presence of pleural fluid has no ef- 
fect on staging. By non- invasive staging it is rather dif- 
ficult to make a distinction between Tla, Tib and T2 
disease. Correct estimation of extent of disease is only 
possible during thoracotomy. In case of Tib disease, 
pleurectomy and decortication are usually feasible. In 



case of a T2 tumour there is more extensive involve- 
ment of the visceral pleura and lung, often necessitating 
a pleuropneumonectomy T3 implies locally advanced 
but potentially respectable MPM whereas T4 charac- 
terizes a non-resectable tumour. The prognosis of a T4 
tumour is similar to Ml disease, and for this reason it is 
included in stage IV. In the IMIG system, lymph node 
staging is similar to the staging of non-small cell lung 
cancer. Nl disease relates to the involvement of the ipsi- 
lateral bronchopulmonary and/or hilar lymph node(s). 
N2 disease includes invasion of the ipsilateral medi- 
astinal, subcarinal or the ipsilateral internal mammary 
nodes, and N3 disease the contralateral hilar, mediasti- 
nal, internal mammary nodes and/or the ipsilateral or 
contralateral supraclavicular or scalene lymph nodes. 
As there is probably not a large survival difference be- 
tween Nl and N2 involvement in MPM, all patients 
with nodal involvement are classified as stage III (Nl, 
N2) or stage IV (N3 disease), in contrast to non-small 
cell lung cancer where Nl usually belongs to stage II, 
and N3 disease to stage IIIB. 

Precise evaluation of the superior mediastinal lymph 
nodes often requires cervical mediastinoscopy. In a sin- 
gle study chest CT scan revealed enlarged lymph nodes 
in 39% of the patients (Miller et al. 1981). Lymph node 
metastases were detected by mediastinoscopy in 26%. 
Not only for mediastinal nodal involvement, but also in 
the case of early mesothelioma, there is a discrepancy 
between non-invasive (clinical) and surgical staging. 
The IMIG classification presumes that early tumours 
are evaluated surgically to determine local extension 
and subsequent treatment. It should also be stated that 
within a specific TN subset differences in tumour biol- 
ogy are possible, resulting in a variable prognosis within 
the same group. 



Table 15.1. Staging system by Butchart 



Stage Description 



I Tumour confined within the "capsule" of the parietal pleura, i.e., involving only ipsilateral pleura, lung, pericardium, 
and diaphragm 

II Tumour invading chest wall or involving mediastinal structures, e.g., oesophagus, heart, opposite pleura. Lymph 
node involvement within the chest 

III Tumour penetrating diaphragm to involve peritoneum; involvement of opposite pleura. Lymph node involvement 
outside the chest 



IV 



Distant blood borne metastases 
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Table 15.2. Staging system for diffuse malignant pleural mesothelioma introduced by the International Mesothelioma Interest 
Group (IMIG) (International Mesothelioma Interest Group 1995) 



Primary tumour 

(T) 


Tx 


Primary tumour cannot be assessed 


TO 


No evidence of primary tumour 



Tl 



T2 



T3 



T4 



Tumour involves ipsilateral parietal pleura, with or without focal involvement of visceral pleura 

Tla Tumour involves ipsilateral parietal (mediastinal, diaphragmatic) pleura. No involvement of the 

visceral pleura 

Tib Tumour involves ipsilateral parietal (mediastinal, diaphragmatic) pleura, with focal involvement of 

the visceral pleura 

Tumour involves any of the ipsilateral pleural surfaces with at least one of the following 
confluent visceral pleural tumour (including fissure) 
invasion of diaphragmatic muscle 
invasion of lung parenchyma 

Tumour involves any of the ipsilateral pleural surfaces, with at least one of the following: 

-invasion of the endothoracic fascia 

-invasion into mediastinal fat 

-solitary focus of tumour invading the soft tissue of the chest wall 

-non-transmural involvement of the pericardium 

Tumour involves any of the ipsilateral pleural surfaces, with at least one of the following: 

-diffuse or multifocal invasion of soft tissues of the chest wall 

-any involvement of rib 

-invasion through the diaphragm to the peritoneum 

-invasion of any mediastinal organ(s) 

-direct extension to the contralateral pleura 

-invasion into the spine 

-extension to the internal surface of the pericardium 

-pericardial effusion with positive cytology 

-invasion of the myocardium 

-invasion of the brachial plexus 





Regional Lymph 
Nodes (N) 




NX 


Regional lymph nodes cannot be assessed 




NO 


No regional lymph node metastases 




Nl 


Metastases in the ipsilateral bronchopulmonary and/or hilar lymph node(s) 




N2 


Metastases in the subcarinal lymph node(s) and/or the ipsilateral internal mammary or mediastinal 
lymph node(s) 




N3 


Metastases in the contralateral mediastinal, internal mammary, or hilar lymph node(s) and/or the ipsila- 
teral or contralateral supraclavicular or scalene lymph node(s) 




Distant Metastases 

(M) 




MX 


Distant metastases cannot be assessed 




MO 


No distant metastasis 




Ml 


Distant metastases 
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Table 15.3. Stage grouping of malignant pleural mesothe- 
lioma 



Stage I 


Tl 


NO 


MO 


Stage IA 


Tla 


NO 


MO 


Stage IB 


Tib 


NO 


MO 


Stage II 


T2 


NO 


MO 


Stage III 


T1,T2 


Nl 


MO 




T1,T2 


N2 


MO 




T3 


N0,N1,N2 


MO 


Stage IV 


T4 


AnyN 


MO 




AnyT 


N3 


MO 




AnyT 


AnyN 


Ml 



15.2.3 

Why Measure Tumour Response? 

When discussing tumour measurements, it is important 
to remember why we should do it. Palliative chemother- 
apy aims to benefit patients by decreasing symptoms 
and prolonging survival, rather than to decrease tumour 
size. A decrease in tumour size may or may not coincide 
with palliation in individual patients. Also stable disease 
and prolonged time to progression might be rated as ef- 
fective. However, tumour response is an important sur- 
rogate for patient benefit in clinical trials where symp- 
tom improvement and increased survival are difficult 
to assess. Objective tumour size response evaluation re- 
mains nowadays the most often used primary endpoint 
in many clinical trials, allowing determining the efficacy 
of a treatment regimen. Novel alternative techniques are 
focused onto functional or biological surrogates, such as 
tumour perfusion, e.g. by MRI (Fig. 15.4), and metabo- 
lism, e.g. by PET (Fig. 15.5). 



15.2.2 
Challenges 

Besides of the most frequent pleural manifestation of 
mesothelioma, a peritoneal affection as well as a solely 
peritoneal origin (20%) of mesothelioma is possible 
(Bridda et al. 2007). The identification of an intercos- 
tal infiltration by the tumour is crucial for the surgical 
planning as inoculation metastasis develop, e.g. after tr- 
ansthoracic drainage. Furthermore, the extension of the 
tumour into the recessus is an underestimated problem 
since this is crucial for radiation planning. 

Tumour measurements in MPM provide many 
challenges for clinical investigators. First, MPM has a 
unique growth pattern, growing as a "rind" around the 
hemithorax, and along interlobular fissures. It does 
not conform to the roughly spherical growth pattern 
of many other malignancies. Multiple thoracic levels 
may be involved, and while anatomical landmarks for 
measurement are available in the upper and mid tho- 
rax (carina, aortic arch), there are few landmarks in the 
lower thorax where levels of measurement can be repro- 
ducibly identified from one scan to another. There may 
or may not be bi-dimensionally measurable lesions, and 
where lesions are bi-dimensionally measurable, they 
may not always be the most representative and appro- 
priate sites. Furthermore, at CT it is often difficult to 
distinguish tumour from pleural effusions or atelectasis 
without measuring Hounsfield units. In many centres, 
tumour measurements are performed by physicians or 
study nurses instead of radiologists, who may only have 
access to hard copies. 



15.2.4 

WHO Criteria 

The previously widely-used WHO tumour response cri- 
teria were poorly suited to the growth pattern of MPM 
(Miller et al. 1981). These response criteria were most 
useful for measuring spherical lesions bi-dimensionally, 
taking the sum of the products of the longest diameter 
of each lesion and its perpendicular diameter as the 
baseline tumour measurement. A partial response was 
defined by a 50% decrease in the sum of these products. 
Whilst uni- dimensional measurements were allowed, 
the acquired 50% decrease in the sum of uni-dimen- 
sional measurements actually equated mathematically 
to a 75% decrease in the sum of the products of perpen- 
dicular diameters, making it more difficult for tumours 
measured uni-dimensionally to meet the criteria for 
partial response. 



15.2.5 
RECIST 

In contrast, RECIST criteria, which are becoming in- 
creasingly used in clinical trials, use uni-dimensional 
measurements only (Therasse et al. 2000). A partial 
response is defined as a 30% decrease in the sum of the 
uni-dimensional tumour measurements (Fig. 15.6). De- 
spite the use of these uni-dimensional measurements, 
application of the RECIST criteria is not straightfor- 
ward in MPM. The RECIST criteria evolved from the 
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Fig. 15.4. Substantial heterogeneity of malignant pleural mesothelioma can be visualized by contrast enhanced dynamic MRI 
illustrating high and low perfusion areas, (with permission: Giesel F, Bischoff H, von Tengg-Kobligk H et al. Chest (2006)) 




Fig. 15.5. CT and PET/CT of a patient with a small malignant pleural mesothelioma on the left developing as a transformation 
of asbestosis plaques 
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Fig. 15.6 Size measurement of malignant 
pleural mesothelioma on a HASTE image. 
a Lines represent possible interpretation 
"longest tumour diameter" according to 
current RECIST criteria, b Lines repre- 
sent measurement sites perpendicular to 
fixed structures, chest wall, sternum and 
vertebral column, according to modified 
RECIST criteria 



measurements of roughly spherical lesions common 
in other solid malignancies, and assume concordant 
changes in the three axes (length, width and height) of 
the tumour as for spherical lesions. The RECIST criteria 
suggest that "All measurable lesions up to a maximum 
of 5 lesions per organ and 10 lesions in total, representa- 
tive of all involved organs, should be identified as tar- 
get lesions and recorded and measured at baseline". In 
MPM, the hemithorax is often extensively involved with 
tumour at multiple levels without involvement of other 
organs. The RECIST criteria do not guide the investiga- 
tor as to which lesions should be considered as a "target 
lesion". Furthermore, the requirement to identify and 
record all other lesions or sites of disease as "non-target 
lesions" is difficult in view of the rind-like growth pat- 
tern of this disease. 



In MPM, there are numerous possible interpreta- 
tions of the RECIST criteria, and more guidelines for 
applying these criteria are needed if investigators from 
different sites and countries are to be consistent in their 
definition of response. Consistency is vital for interpre- 
tation of results, particularly in phase II clinical trials. 
The straight "longest diameter", which is measured in 
RECIST, is not applicable in mesothelioma since the 
relatively thin tumour mass usually follows the curva- 
ture of the chest wall. Besides this, defining the limits 
of such a lesion is often difficult or impossible. While 
tumour thickness may change in response to success- 
ful treatment, the extent of tumour along the chest 
wall, and thus this putative "longest diameter", may 
change little. Furthermore, the longest diameter may 
be between two fixed structures, such as the carina 
and thoracic vertebra, and should not be used to as- 
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sess response. More guidance is needed to choose the 
anatomical level of tumour measurement, how many 
levels should be assessed, how to choose 5 lesions from 
the hemithorax, and what lesions should be recorded, if 
any, as "non- target lesions". 

Van Klaveren et al. (2004) reported a series of tu- 
mour measurements comparing the use of RECIST and 
WHO criteria for assessment of response. They found a 
discrepancy in response as defined by the two sets of cri- 
teria in 9 of 34 cases (27%). Of 34 cases, 8 demonstrated 
progression on the WHO criteria which was missed by 
RECIST at some time point. These results were no bet- 
ter in the subset of patients with bi-dimensionally mea- 
surable lesions. However, problems with both the WHO 
criteria and the unmodified RECIST criteria suggest 
that neither should be considered a "gold standard" for 
tumour measurement in this disease. 



15.2.6 

Modified RECIST Criteria 

With the widespread adoption of the RECIST criteria 
in other malignancies, the need to use both uni-dimen- 
sional and bi-dimensional lesions to assess response in 
MPM became less important. The modified RECIST 
criteria use uni-dimensional measurement of tumour 
thickness perpendicular to the chest wall or mediasti- 
num, measured in two sites at three different levels on 
the CT scan (Nowak et al. 2002; Byrne and Nowak 
2004). Transverse cuts used for measurement must be 
at least 1 cm apart, and related to anatomical landmarks 
in the thorax, preferably above the level of division of 
the main bronchi. At reassessment, pleural thickness 
must be measured at the same position and level. Ex- 
tensive documentation of non-measurable lesions is 
not required, however nodal, subcutaneous, and other 
bi-dimensionally measurable lesions are measured 
uni-dimensionally as per the RECIST criteria. Uni-di- 
mensional measurements are added to produce a total 
tumour measurement. Definitions of complete and par- 
tial response are concordant with the RECIST criteria. 
As Nowak et al. could demonstrate a benefit to patients 
in terms of survival and lung function using the modi- 
fied RECIST criteria; they are accepted as a valid clini- 
cal trial endpoint. There was a significant difference in 
survival between the two patient groups, with a median 
survival of 15.1 months for responding patients and 8.9 
months for non-responding patients. Lung function as 
measured by forced vital capacity improved significantly 
over the course of treatment for responding patients as 
compared with non- responding, and there was a signifi- 
cant correlation between lung function and change in 



linear tumour measurement. Recently it could be shown 
that modified RECIST criteria also can be applied using 
MRI (Plathow et al. 2008). 



MRI in Asbestosis 

There are only a few studies which have investigated 
the role of MRI in asbestosis. A landmark study used 
high- resolution respiratory-gated T2w turbo-spin-echo 
(TSE), breath-hold Tlw TSE, and contrast-enhanced 
fat-suppressed breath-hold Tlw TSE images with an 
in-plane resolution of less than 1 mm and a short T2* 
time (Weber et al. 2004). Also a pulse sequence with 
radial k- space -sampling was used (TE = 0.5 ms) before 
and after administration of Gd-DTPA. Using such a 
protocol a differentiation between normal pleura and 
pleura with plaques is easily possible. In this study 
interobserver agreement is comparable for MRI and 
CT in detecting pleural plaques (median kappa = 0.72 
for MRI and 0.73 for CT) and significantly higher with 
CT than with MRI for detection of plaque calcification. 
Median sensitivity of MRI was 88% for detection of 
plaque calcification compared with CT. For assessment 
of pleural thickening, pleural effusion, and extrapleural 
fat, interobserver agreement with MRI was significantly 
higher than with CT. Pleural plaques appear hypointense 
on T2-weighted and muscle-isointense on Tl -weighted 
MR images. Pleural plaques appear hypointense on 
T2 -weighted MR images due to their high content of 
collagen fibrils. It could be shown that on radial MR 
images an estimation of plaque calcification is possible. 
Blurring artefacts between pleura and lung tissue can 
be observed on radial MR images that reduce spatial 
resolution. Less calcified plaques appear more hyper- 
intense than calcified plaques. On T2 -weighted images, 
some plaques exhibit a hyperintense rim between the 
hypointense plaque center and the lung parenchyma. 
The slightly hyperintense rim of the plaques next to 
the lung parenchyma on the T2-weighted images pos- 
sibly corresponds histologically to a loosening of the 
plaque collagen fibrils next to the surface. It cannot be 
attributed to the cells of the parietal pleura, which only 
form a single cell layer and are therefore too small to 
create a detectable signal in MRI. Also, according to 
our experience, pleural plaques are best diagnosed on 
non-enhanced Tl -weighted MR images. T2- weighted 
sequences are most suitable for assessing and differenti- 
ating pleural effusion. 
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Imaging of Mesothelioma 

The primary imaging modality used in the staging of 
MPM is computed tomography (CT) (Marom et al. 
2002; Wang et al. 2004; Layer et al. 1999). CT is usu- 
ally performed to assess the extent of chest wall, medi- 
astinal, and diaphragmatic invasion, and the presence 
or absence of nodal and distant metastases (Heelan 
et al. 1999). But in recent studies it could be shown that 
MRI is superior to CT in the evaluation of pleural effu- 
sion, chest wall and diaphragmatic invasion and pleural 
thickening. CT proved to be superior to MRI only in the 
evaluation of calcifications. Thus, especially in T2 and 
T3 situations (see below), MRI proved to be superior 
to CT in tumour delineation; and MRI should be used 
to complement CT in the evaluation of patients with 
MPM being considered for surgical resection. In the 
preoperative staging evaluation of patients with MPM, 
MRI is typically used to address equivocal findings on 
CT concerning the local extent of tumour. On both CT 
and MRI, the same findings are used to determine lo- 
cal invasion. They include irregularity of the surface of 
the diaphragm, loss of normal adjacent fat planes, and/ 
or infiltration of the endothoracic fat. Due to the high 
soft tissue contrast, MRI is superior to CT in the evalu- 
ation of local invasion of the endothoracic fascia and 
single chest wall foci (accuracy 69% vs 46%) and the 
diaphragm (accuracy 82% vs 55%). The use of positron 
emission tomography (PET) with [18F]-fluoro-2-de- 
oxy-D-glucose (FDG) in the evaluation of patients with 
MPM has been reported (Nanni et al. 2004; Flores 
et al. 2003). In these studies, the poor spatial resolution 
of PET images often precludes assessment of the pres- 
ence and extent of local tumour invasion. However, PET 
can be useful in the detection of unsuspected nodal 
metastases and occult distant metastases (Heelan et al. 
1999) or for restaging. Integrated PET/CT imaging with 
coregistration of anatomic and functional imaging data 
improves the localization of regions of increased FDG 
uptake and the accuracy of staging in patients with 
MPM (Erasmus et al. 2005). In addition, PET may have 
an additional role in predicting treatment response and 
prognosis (Steinert et al. 2005). 



MRI of Mesothelioma 

MPM appears inhomogeneously hypointense to isoin- 
tense on Tl -weighted and hyperintense on T2- weighted 



MR images and shows contrast media enhancement 
(Bonomo et al. 2000). Malignant pleural disease tends 
to involve the entire pleural surface, whereas reactive 
pleurisy usually does not affect the mediastinal pleura 
except in cases of tuberculous empyema (Hierholzer 
et al. 2000). Mediastinal pleural involvement, circum- 
ferential pleural thickening, nodularity, irregularity of 
pleural contour, and infiltration of the chest wall and/ 
or diaphragm are most suggestive of a malignant cause 
both on CT and MRI. Pleural calcification on CT is sug- 
gestive of a benign cause. Contrary to what has been 
previously reported, neither on CT nor on MRI, a pleu- 
ral thickness of more than 1 cm reveals a significant 
difference between malignant and benign pleural dis- 
ease (Hierholzer et al. 2000). High signal intensity in 
relation to the intercostal muscles on T2-weighted and 
contrast-enhanced Tl -weighted MR images is sugges- 
tive for malignant disease with a sensitivity of 100% and 
a specificity of 93% for MRI in the detection of pleural 
malignancy (Hierholzer et al. 2000). 

Besides these static imaging techniques (Nowak 
et al. 2002; Byrne and Nowak 2004; Heelan et al. 1999) 
there are also dynamic approaches. It has been shown 
that MRI is able to measure lung volumes in steady state 
(Quanadli et al. 1999; Ley et al. 2004). However, MRI 
is a possible tool to describe local geometrical and volu- 
metric changes corresponding to different phases of the 
breathing cycle (Whitelaw 1987; Haage et al. 2005; 
Plathow et al. 2004) as a functional parameter of ther- 
apy response (Plathow et al. 2006a). This might have 
the advantage of detecting subtle changes of lung me- 
chanics and volumetry early. Recently it could be shown 
that dynamic MRI techniques are able to quantify and 
visualize volumetric changes of the thorax in patients 
with MPM during therapy (Plathow et al. 2006b). Us- 
ing FLASH (fast low angle shot) sequences and trueFISP 
(true Fast Imaging with Steady-state Precession) se- 
quences, therapeutic influence on MPM on the breathing 
cycle can be quantified and visualized using 3D dynamic 
MRI with a temporal resolution of 1 slab/s (Fig. 15.3). 
Dynamic contrast enhanced (DCE) MRI is a non-in- 
vasive procedure in which sequential images with high 
spatial and temporal resolution are obtained in order to 
observe the kinetics of contrast media arrival and clear- 
ance through the tumour microcirculation and adjacent 
tissues. The contrast agent enhancement pattern enables 
visualization, characterization and quantification of le- 
sion microcirculation. Giesel et al. (2006, 2008) could 
show that DCE MRI is an attractive tool to monitor tu- 
mour microvascular properties and to demonstrate tu- 
mour heterogeneity for therapy monitoring (Fig. 15.4). 
Thus, assessing the enhancement profiles non-invasively 
might allow the characterization of biological aggres- 



302 


C. P. Heussel and C. Plathow 






Table 15.4. Recommended protocol for MRI of malignant pleural mesothelioma 




Sequence 


Intention 




HASTE (half- Fourier acquired single-shot turbo spin-echo) 
coronal and axial 


Investigation of the lung, parenchyma and short overview of 
the thorax 




VIBE (volume interpolated breath-hold examination) 
post contrast coronal and sagittal 


Demonstration of well perfused tumour areas 




Tl-TSE (Turbo spin echo) non-breath-hold coronal 


High-resolution images of the thorax and the MPM 




T2-TSE respiratory gated coronal 


Ultra high-resolution images of the thorax and the MPM. 
Detection of a potential infiltration of vessels, chest wall, 
brachial plexus etc. 




Optional: dynamic TrueFISP (true Fast Imaging with Steady- 
state Precession) coronal 


Investigation of mobility of lung, diaphragm and chest wall 



siveness of the tumours and help identify those that 
are unlikely to respond to standard regimens and who, 
therefore, should be directed to more aggressive therapy 
regimes or experimental clinical trials. Whether this 
multi-modal characterization may be clinically useful 
in selecting possible tumour subtypes and if this infor- 
mation might be a benefit from anti- angiogenic therapy 
have to be shown in further research. 

On the basis of the present literature and our own 
experience, we recommend a basic MRI protocol to im- 
age MPM (Table 15.4). 



MRI of Other Pleural Diseases 

The characterization of pleural fluid collections, either 
transudates or exudates, can be determined by MRI to 
some extent. Exudative pleural effusions show a higher 
degree of enhancement after IV gadolinium-based 
contrast administration than transudative pleural effu- 
sions (Fiola et al. 1997). Diffusion- weighted imaging 
with an echoplanar imaging sequence may differentiate 
exudates from transudates based on the apparent dif- 
fusion coefficient (ADC) value (Baysal et al. 2003). 
High signal intensity on Tl -weighted images identifies 
a chylothorax (McLoud and Flower 1991). Subacute 
and chronic hematoma can be recognized in the pleu- 
ral space based on its signal characteristics (Mitchel 
2003). These non-invasive techniques can be used to 
characterize pleural fluid collection and may obviate 



the need for thoracocentesis, especially in high-risk pa- 
tients. 



15.6.1 

Solitary Fibrous Tumours of the Pleura 

The vast majority of solitary fibrous tumours of the 
pleura are benign (Fig. 15.7), and complete surgical re- 
section remains the mainstay of therapy for both the 
benign and malignant variants. These entities usually 
appear as well-delineated, homogeneous, and occasion- 
ally lobulated masses of soft tissue attenuation. Rarely, 
pleural effusion is associated with solitary fibrous tu- 
mors of the pleura (De Perrot et al. 2002) and MRI 
has limited use in the assessment of such pleural dis- 
eases. However, the morphology and relationship of 
large lesions to adjacent mediastinal and major vascular 
structures may be better delineated using MRI com- 
pared with CT. MRI is helpful in differentiating tumour 
from other structures and in confirming intrathoracic 
localization if the tumour abuts the diaphragm. In gen- 
eral, on T2-weighted images benign lesions have low 
signal intensity, whereas malignant fibrosis invariably 
appears with high signal intensity because of increased 
vascularity, edema, and cellularity. Benign and malig- 
nant lesions have low signal intensity on Tl -weighted 
images. Unfortunately, benign solitary fibrous tumours 
of the pleura often can also have areas of high signal 
intensity on T2-weighted images because of intratu- 
moral necrosis or myxoid degeneration and thus may 
not be differentiable from malignant formations. They 



Diseases of the Pleura and the Chest Wall 303 










^^^^ 




[I 




iP 




*v 


Jck» 


Jl* 




L^ - 


*,"■»* 


W.jL - 4 



Fig. 15.7. Patient with a benign pleural fibroma 
using TIRM (a) and VIBE: non-enhanced (b) and 
contrast-enhanced (c) 



might also show significant enhancement after contrast 
administration on Tl weighted images. 



ship of the lesion to the surrounding structures needs to 
be demonstrated and available in the operating theatre. 



15.6.2 

MRI of Other Chest Wall Diseases 

Besides breast, malignant and benign chest wall tumours, 
tumours like elastofibroma, SAPHO (Laiho et al. 2001), 
and sarcomas (Muller LP et al. 1999) are to be imaged 
and treated according to musculoskeletal procedures. In 
general, MRI and CT have complementary roles in the 
evaluation of sternal tumours. CT is useful for imaging 
the cortical bone and the spongious matrix while multi- 
planar MRI is the technique of choice for evaluating the 
extent of extraosseous tumour and its relationship to 
adjacent structures with regard to operability (Aslam 
et al. 2002). Breath-hold imaging is usually necessary 
in supine position; however, prone position might be 
helpful to reduce breathing artefacts. Rib lesions need 
special attention in MR planning and may require indi- 
vidualized double angulated data acquisition. 

In each of these entities, MRI helps in delineation of 
normal anatomical structures and is helpful in guiding 
surgery or biopsy. Therefore, the anatomical relation- 
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